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Introduction 
As rich sources of flavonoids, carotenoids, vitamin C, folic acid and dietary 
fibre, fruits and vegetables can help prevent cardiovascular diseases and cancers 
(Amine et al. 2002). According to the world health report that was published by the 
WHO (2002), 2.7 million deaths per year can be attributed to low fruit and 
vegetable intake. 
Apple is the most common fruit crop grown in temperate regions 
(FAOSTAT 2012) and apples are affordable and widely available in most parts of 
the world. Apple and apple-derived products have been subject of many studies 
that have linked their intake to a beneficial effect on many diseases (Hyson 2011). 
Several studies have indicated a positive effect of phenolic compounds, which are 
abundantly present in apple, on preventing coronary heart disease and cancer 
(Hertog et al. 1993; Keli et al. 1996; Gerhauser 2008). The dietary fibres that are 
present in fruits like apple seem to decrease the risk for developing coronary heart 
disease, stroke, hypertension, diabetes, obesity and some gastrointestinal 
diseases (Anderson et al. 2009). Apples have shown to have high anti-oxidant 
activity and the intake of apple is associated with a reduced risk for heart disease, 
lung cancer, type 2 diabetes, and asthma (Boyer and Liu 2004), substantiating the 
beneficial effects of apple consumption on human health. 
Quality traits of apple 
Besides the health-beneficial properties, a number of other quality traits 
should be considered when breeding apple trees. First, traits that influence the 
appeal to the consumer are important. These traits concern properties of the fruit, 
like appearance, flavour, fruit composition, texture and shelf life. Secondly, for 
apple growers, the characteristics of the tree are also important. These are traits 
like tree architecture, alternate bearing, plant vigour and resistance to diseases and 
abiotic stresses. 
Tree architecture is a trait that influences many aspects of apple 
production. The right tree shape is necessary to optimise light capture on the scale 
of the apple orchard, but also to facilitate the light exposure of the apple fruits. 
Maintaining the right tree shape will reduce fruit variation and direct the conversion 
of energy into fruits rather than into vegetative structures (Costes et al. 2006). 
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Moreover, tree architecture has a direct influence on planting density, fruit yield and 
pruning requirements (Kenis and Keulemans 2007).  
Use of rootstocks in apple cultivation 
During the domestication of apple, quality traits were initially selected for in 
seedlings. More than 3800 years ago, grafting was discovered and it became an 
important technique in the domestication of apple (Cornille et al. 2012). Using this 
propagation technique, it is a lot easier to select for and to control desired traits, as 
the genotypes can be preserved despite self-incompatibility (Harris et al. 2002). 
Nowadays, all commercial apple cultivars are propagated vegetatively and grafted 
onto rootstocks. Only new apple cultivars originate from crossings or are derived 
from mutants. 
Besides facilitating asexual reproduction, rootstocks are also being used to 
directly influence properties of the scion. Rootstocks can influence the size of the 
tree, winter hardiness and resistance to pathogens and abiotic stresses (Pereira-
Lorenzo et al. 2009). One of the most commonly used apple rootstocks is Malling 9 
(‘M9’) (Zhu et al. 2001). Scions grafted onto this rootstock are 25-35% reduced in 
size, giving rise to dwarf trees that are well-suited for high density apple orchards 
(Zhu et al. 2001). 
‘Wijcik’ apple and apple cultivation 
An interesting alternative way to control the growth of apple trees was 
proposed by Tobutt in 1985 and makes use of the columnar growth habit of a 
mutant of the apple cultivar ‘McIntosh’ called ‘Wijcik’ (Tobutt 1985). ‘Wijcik’ is a 
somatic mutant that was identified by the apple grower Anthony Wijcik in 1963 as a 
shoot on top of a normal ‘McIntosh’ tree (Fisher 1969; Petersen and Krost 2013).  
‘Wijcik’ trees show very little lateral branching, as their axillary buds 
develop into spurs (that bear fruits) rather than lateral branches. The trees have 
short internodes and a thick stem (Fisher 1969; Tobutt 1985). Because of the 
distinct compact nature of the trees, ´columnar´ was distinguished as one of the 
four fruiting types of apple that were proposed by Lespinasse (Lespinasse 1992). 
Columnar trees need very little pruning and could be planted close together, 
resulting in a potential yield increase (Tobutt 1985). The columnar trait was shown 
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to be caused by a single dominant locus (Co) (Lapins 1976) that maps on 
chromosome 10 (Conner et al. 1997). 
Despite the potential benefits of using columnar apple trees in high density 
orchards, their use has so far largely been restricted to ornamental purposes. 
There are a number of difficulties related to apple breeding in general that have 
complicated the introduction of the columnar trait in commercial apple cultivars, 
hindering their evaluation in these commercial systems. These difficulties are 
discussed below. 
Apple breeding challenges 
Apple is highly heterozygous (Velasco et al. 2010), making the outcome of 
a cross between two apple cultivars unpredictable. Incompatibility and the limited 
number of S-alleles available in commercial apple cultivars reduce the number of 
compatible parents (Sakurai et al. 2000). 
Apple breeding is further complicated by the long generation time and the 
space required for maintaining progeny trees. This makes the introduction of new 
traits in commercial apple cultivars challenging, even more so when wild apple 
species are involved in the cross. Due to genetic drag, it is necessary to perform 
many crosses to get rid of the unwanted alleles from the wild species that are 
introduced in the progeny. An illustrative example is the introgression of the 
dominant gene for scab resistance from wild M. floribunda (HcrVf), that took over 
80 years (Joshi et al. 2009). 
Trees derived from ´Wijcik´ suffer from the genetic drag of unwanted alleles 
as well, leading to undesirable characteristics such as biannual bearing, low sugar 
content, soft fruit flesh and susceptibility to apple scab. Some of these traits appear 
to be tightly linked to the Co locus (Tobutt 1994; Kenis et al. 2008; Moriya et al. 
2009). 
Marker assisted selection 
In order to facilitate apple breeding, molecular techniques have been 
introduced in apple breeding programs. The first detailed genetic map comprising 
all 17 chromosomes of apple was constructed by Maliepaard et al. in 1998 
(Maliepaard et al. 1998). Since then, many more genetic maps have been 
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constructed, which enabled researchers to map agronomically important traits to 
the apple genome (Keller-?????????????? ???? ??????? ????). These mapping 
experiments have resulted in the identification of genetic loci responsible for 
diverse traits, such as disease resistance, self-incompatibility, root suckers, fruit 
skin colour, fruit flesh colour, pH, fruit allergens and ethylene production (?????????
al. 2010). 
The first molecular marker for the columnar trait was the SSR marker 
(SSRCo) developed by Hemmat at al. in 1997 (Hemmat et al. 1997). Nine additional 
markers were identified by Tian et al., including two SSRs markers (CH3d11 and 
COL) and two SCAR markers (SCAR216 and SCAR682) that delimit the Co locus. 
The closest marker to Co that was found is the RAPD marker S14412600, at a 
distance of 1.9 cM (Tian et al. 2005). Other markers developed are WB82670 (Kim 
et al. 2003), Hi01a03 (Silfverberg-Dilworth et al. 2006; Moriya et al. 2009) and 
UBC8181000 (Zhu et al. 2007).  
The extensive genetic maps that are now available for apple make it 
possible to map quantitative trait loci (QTLs) as well. Complex traits, such as fruit 
texture physiology (Longhi et al. 2012) and phenolic compound content (Khan et al. 
2012), have been mapped in QTL studies in apple.  
The ultimate aim of these genetic mapping studies is to identify the 
causative genes underlying phenotypes. With the completion of the apple genome 
sequence in 2010 (Velasco et al. 2010), a powerful new tool became available for 
developing new molecular markers and to find putative candidate genes for the 
studied traits. This tool has proven to be essential for the fine mapping studies 
targeting the Co region that were performed in subsequent years by Bai et al., 
Moriya et al. and Baldi et al. (Bai et al. 2012; Moriya et al. 2012; Baldi et al. 2013) 
In the last years, the knowledge about the genetic basis for agronomically 
important traits is steadily increasing. This genetic information can be applied in 
breeding programs, for example using marker assisted selection (MAS), to greatly 
increase the precision and efficiency of these programs (Dirlewanger et al. 2004). 
MAS could help breeders to pick the right parents for crossings, to plan the 
subsequent backcrosses and to select promising progeny plants at an early stage, 
based on genetic rather than phenotypic evaluation (Collard and Mackill 2008). 
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MAS is currently being applied in many apple breeding programs worldwide (Zhu 
and Barritt 2008; Folta and Gardiner 2009; Luby et al. 2009; Patocchi et al. 2009). 
Although MAS is a promising tool for speeding up apple breeding, the long 
juvenile period of apple remains a limiting factor. The period from sowing to seeds 
can take from 5 to 12 years (Fischer 1994). Reducing the juvenile phase of apple 
would result in a shortened generation cycle. 
Flachowsky et al. showed that overexpression of the bpMADS4 gene from 
silver birch in apple resulted in plants that flowered within a few months instead of 
a couple of years (Flachowsky et al. 2007). Also, transgenic apple trees 
overexpressing MdFT1 from apple showed an early flowering phenotype (Tränkner 
et al. 2010). In combination with marker assisted selection, these approaches could 
significantly speed up apple breeding programs (Flachowsky et al. 2011).  
Genetic engineering 
If the genes underlying the desired traits are known, an alternative to 
classical breeding, or breeding using MAS, would be to make use of genetic 
engineering. Using this technique, genes of interest can be transferred directly from 
one organism to another by transferring the genes causing the traits, without the 
need for performing crosses. Because only these preferred genes are transferred, 
the genetic drag of unwanted alleles is avoided. In this way, specific traits can be 
targeted while leaving the rest of the plant unchanged. 
Transgenic apples have been developed for research purpose since the 
development of the first transgenic apple in 1989 by James et al. (James et al. 
1989), but transgenic apples have not yet been a commercial success. Recently, 
‘Arctic apples’ were developed by Okanagan Specialty Fruits Inc. In these apples, 
the polyphenol oxidase (PPO) gene is silenced, using RNA interference, using a 
form of genetic engineering (Saurabh et al. 2014). The silencing of PPO leads to a 
reduction of bruising and browning of the fruits (Armstrong and Lane 2013). ‘Arctic 
apples’ are currently under review by the U.S. Department of Agriculture (USDA) to 
get approval to enter the US market. However, there are some controversies 
surrounding genetic engineering, with consumers raising concerns about food 
safety, environmental effects and ethical implications of using this technique. 
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Nielsen proposed to distinguish between different forms of transgenic 
organisms, based on the source of the introduced DNA. He introduced the term 
‘intragenic’ and ‘famigenic’ for genetically engineered organisms that carry DNA 
from sexually compatible species, so DNA that could have been introduced to the 
organism through conventional breeding as well (Nielsen 2003). According to 
Nielsen, distinguishing between different categories of genetically modified 
organisms (GMOs) could improve the opinion of consumers about GMO products, 
as many concerns about GMOs have to do with ‘foreign’ DNA being introduced in 
the organism. 
Following a similar line of thought, the term cisgenic was introduced by 
Jochemsen and Schouten (Jochemsen 2000). Cisgenesis was defined as “the 
genetic modification of a recipient plant with a natural gene from a crossable-
sexually compatible-plant”. “The gene includes its introns and is flanked by its 
native promoter and terminator in the normal sense orientation”. No ‘foreign’ gene 
is present in a cisgenic plant (Schouten et al. 2006a). Schouten et al. argue that 
the risks connected to the cultivation and breeding of cisgenic plants are not 
greater than the risks related to conventionally bred plants. Therefore, cisgenic 
crops should not be treated differently from these conventionally bred crops 
(Schouten et al. 2006a; Schouten et al. 2006b), a view that was adopted by The 
European Food Safety Authority (EFSA) in a recent report that was published in 
the EFSA journal (Andersson et al. 2012). 
Columnar-like phenotypes in diverse plant species 
Most traits related to tree architecture are under polygenic control and are 
therefore investigated in QTL studies (Folta and Gardiner 2009). However, some 
genes and major QTLs controlling plant architecture have been identified in fruit 
trees and other plants species. Some examples are given below. 
The major locus controlling dwarf growth habit of rootstock ‘M9’ of apple 
was mapped on chromosome 5 (Pilcher et al. 2008), that has homology with 
chromosome 10 that also contains Co. However, the phenotypes from ‘M9’ and 
‘Wijcik’ are not the same and inheritance of the dwarfing phenotype is also different 
(Pilcher et al. 2008). 
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Overexpression of the LEAFY (LFY) gene from Arabidopsis leads to 
precocious flowering and the determination of lateral meristems into floral 
meristems in diverse species, including the aspen tree (Weigel and Nilsson 1995). 
In an attempt to break the juvenile stage of apple, Flachowsky et al. transformed 
apple cv. ‘Pinova’ with the LFY gene from Arabidopsis under control of the 35S 
promoter. Instead of observing precocious flowering, they saw that overexpression 
of LFY leads to a columnar-like phenotype (Flachowsky et al. 2010), suggesting a 
possible role for LFY in controlling columnar growth of apple. 
Silencing the chalcone synthase (CHS) genes from apple resulted in a 
significant reduction in phenylpropanoid levels. Besides having an effect on the 
colouring of flowers, fruit and stems, some major changes in plant development 
were reported as well. The apple lines in which the CHS genes were silenced had 
shortened internodes and smaller leaves. This effect of CHS silencing on the 
growth rate of the plants was explained by the inhibitory effect of flavonoids on 
auxin transport (Dare et al. 2013). 
Columnar-like phenotypes have been described in other (fruit) trees 
besides apple. Examples are the ‘pillar’ trait of peach and stumpy poplar. The pillar 
trait of peach is characterised compact trees with narrow branch angles that can be 
used in high-density production systems (Scorza et al. 2002), similar to Co. This 
type of growth was shown to be caused by the gene PpeTAC1, which has 
homologs in diverse plant species including Arabidopsis and apple. PpeTAC1 is 
located on linkage group 2 of peach, which has no synteny with chromosome 10 
from apple (Dardick et al. 2013). Also, the upright phenotype of pillar peach is a 
recessive trait and affects branch angle instead of branch length, distinguishing it 
from the columnar trait of ‘Wijcik’. 
Stumpy poplar emerged from an activation tagging screen performed by 
Busov et al. in 2003. The trees have smaller internode lengths, resulting in a 
dwarfed plant that bears similarity to ‘Wijcik’. Moreover, they show reduced 
branching and reduced branch length. The phenotype of stumpy poplar was shown 
to be caused by the over expression of a gibberellin-2 oxidase, an enzyme that is 
involved in the deactivation of gibberellin. Decreased levels of active gibberellin 
were found in stumpy and application of active gibberellic acid 3 (GA3) could 
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reverse the dwarfing phenotype of the stumpy mutant (Busov et al. 2003). 
Similarly, apple transformed with a construct to overexpress gibberellic acid 
insensitive (gai), a repressor of the gibberellin response from Arabidopsis (Peng et 
al. 1997), resulted in compact apple trees (Zhu et al. 2008). 
Hormonal control of branching 
The first hormone to be identified to have a role in the regulation of shoot 
branching is auxin. Auxin is required for apical dominance. When the shoot apex 
from a plant is removed by decapitation, plants start to branch. When auxin is 
applied on the top of the plant (mimicking auxin production by the shoot apical 
meristem), axillary bud outgrowth is repressed (Skoog and Thimann 1933). Auxin 
is produced in active meristems and transported basipetally, from the shoots to the 
root (Blakeslee et al. 2005), and is required for cell division and cell expansion 
(Raven et al. 1999).  
A more recently identified plant hormone that has an important role in the 
regulation of branching is strigolactone. Strigolactone was first identified in root 
exudates, as a signal molecule for communication between plants and mycorrhizal 
fungi (Akiyama et al. 2005). Mutants of pea and rice that showed more axillary 
growth were found to have lower levels of strigolactones. Application of 
strigolactones restores their phenotype (Gomez-Roldan et al. 2008; Umehara et al. 
2008).  
Auxin and strigolactone seem to work together to control shoot branching, 
as auxin positively regulates strigolactone biosynthesis genes and strigolactone 
levels are reduced upon auxin depletion (Hayward et al. 2009). Application of 
strigolactone to axillary buds prevents their outgrowth upon decapitation (Brewer et 
al. 2009). It was shown that strigolactone acts as an inhibitor of auxin transport, by 
regulating the expression of PIN auxin efflux carriers (Bennet et al. 2006).  
Cytokinins are involved in the same network to control shoot branching 
(Ongaro and Leyser 2008). They are produced in the shoot and stem of a plant, 
move upwards through the plant (Nordstrom et al. 2004) and are stimulators of bud 
outgrowth (Sachs and Thimann 1967). 
As is clear from the poplar mutant stumpy, gibberellin is another hormone 
that can affect plant architecture. In fact, mutations leading in genes homologous to 
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gai from Arabidopsis that lead to decreased sensitivity to gibberellin are 
responsible for the compact phenotype and increased yields of modern cereals that 
were bred during the green revolution in the sixties (Peng et al. 1999). Another 
example of how a mutation in this gene can lead to altered plant architecture is the 
grapevine dwarf mutant described by Boss and Thomas. This mutant has a dwarf 
appearance with short internodes and the tendrils that are normally formed along 
the length of the shoot are converted into inflorescences (Boss and Thomas 2002), 
bearing resemblance to ‘Wijcik’. 
Transcription factors controlling meristem identity 
Plant architecture depends on the activation of axillary buds through the 
control of plant hormones, but the shape of the plant is also determined by the type 
of branches that are formed. The lateral branches of ‘Wijcik’ are not only shorter, 
but develop mostly into fruit bearing spurs instead of vegetative branches. In 
Arabidopsis, several factors that control the switch from vegetative to floral 
meristem identity have been identified.  
As already discussed before, LFY is an important transcription factor that 
promotes floral fate in Arabidopsis (Weigel et al. 1992). The fact that apple that 
over express LFY displayed a columnar-like phenotype (Flachowsky et al. 2010), 
suggests that the columnar phenotype of ‘Wijcik’ could indeed be explained by a 
change in identity of the axillary buds that leads to the development of spurs 
instead of branches. 
Other floral meristem identity genes from Arabidopsis are APETALA1 
(AP1) CAULIFLOWER (CAL) and FRUITFULL (FUL). The expression of these 
genes is regulated through the floral integrators SUPPRESSOR OF 
OVEREXPRESSION OF CO 1 (SOC1) and Flowering Locus T (FT), whose 
expression depend on the perception on environmental and developmental signals 
(temperature, light, gibberellins and age) through five distinct genetic pathways. 
(Liu et al. 2009; Srikanth and Schmid 2011). The genetic basis for floral meristem 
initiation seems to be rather well conserved among plants (Hanke et al. 2007), 
meaning that homologs of the floral meristem identity genes in Arabidopsis could 
be affected in columnar apple. 
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Efforts to identify Co 
Many studies have been carried out in order to help the identification of the 
genetic basis for columnar growth in apple. The two fine mapping studies that were 
recently carried out by Moriya et al. and Bai et al. resulted in the identification of a 
region corresponding to respectively 193 and 196 kb in the homologous region 
from ‘Golden Delicious’ (Bai et al. 2012; Moriya et al. 2012). The overlap between 
these two regions is only around 50 kb.  
Additionally, three transcriptome studies have been carried out in order to 
better understand the mechanism that leads to columnar growth (Krost et al. 2012; 
Zhang et al. 2012; Krost et al. 2013). These studies showed that plant hormones 
are likely to be involved in the phenotype of columnar trees. Zhang et al. 
highlighted the differential expression of a number of genes coding for DELLA 
proteins, which are involved in the response to gibberellin (Zhang et al., 2012), 
whereas Krost et al. proposed a link between increased levels of auxin and 
cytokinins and the columnar phenotype. Although these studies have been a great 
help to focus the search for the Co gene, they have not resulted in the identification 
of a clear Co gene candidate. 
An interesting property of ‘Wijcik’ is the dominant inheritance of the 
columnar trait. There are several mechanisms that could explain the dominant 
effect of a mutation (recently described for dominant mutations in Arabidopsis, 
(Meinke 2013)), but the most commonly described dominant mutation leads to 
increased expression of a gene. Increased expression of the teosinte branched1 
(tb1) gene (caused by the insertion of an upstream transposon insertion (Studer et 
al. 2011)) from maize was shown to be responsible for the dramatic increase in 
apical dominance of cultivated maize (Doebley et al. 1997). A good example of a 
dominant mutation in apple, is the rearrangement in the upstream regulatory region 
of the transcription factor MYB10. Increased expression of this transcription factor 
led to increased levels of anthocyanin, resulting in red-fleshed apple (Espley et al. 
2009). 
Outline of the thesis 
The goal of this thesis is to identify the genetic basis for columnar growth in 
apple. Identification of the mutation that led to columnar growth will enable us to 
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develop a powerful molecular marker that can be used in MAS. The availability of 
the Co gene would enable us to directly manipulate (fruit) tree architecture of 
varieties that exist already, using gene technology. Moreover, the work described 
in this thesis will increase our understanding of the physiological background of 
columnar growth 
In chapter 2 of this thesis, we will describe the fine mapping of the Co 
region. Using a total of over 1500 progeny trees, which are derived from ‘Wijcik’ 
and that are segregating for the columnar phenotype, we were able to reduce the 
Co region to 393 kb in the homologous region from ‘Golden Delicious’. 
In chapter 3 of this thesis, we analyse two BAC libraries that were prepared 
from genomic DNA from both ‘Wijcik’ and ‘McIntosh’. This sequence comparison 
resulted in the identification of a single mutation in ‘Wijcik’ and a subsequent gene 
expression analysis of genes present in the Co region resulted in the identification 
of MdCo31. We provide evidence for the role of MdCo31 in causing the columnar 
phenotype of ‘Wijcik’. 
In chapter 4, the insertion in ‘Wijcik’ and the region containing the mutation 
are characterised in more detail. We compare the results from our study with the 
findings of Otto et al., who, very recently, published a study where they describe 
the identification of a 8.2 kb retrotransposon in ‘Wijcik’ (Otto et al. 2013). Also, we 
provide a model for the effect of the ‘Wijcik’ insertion on the expression of MdCo31. 
In Chapter 5, MdCo31 is investigated more extensively. We show that 
constitutive expression of MdCo31 causes a columnar-like phenotype in diverse 
plant species like Arabidopsis and tomato and investigate the biochemical function 
of the gene, proposing a possible role for MdCo31 in flavonoid or gibberellin 
biosynthesis. 
The results described in the separate chapters of this thesis will be 
discussed in the general discussion at the end of this thesis. In this general 
discussion, we compare our results with studies performed by others and suggest 
additional experiments that should be performed in order to better understand the 
cause for columnar growth. 
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Abstract 
The dominantly inherited columnar trait of 'Wijcik' apple is caused by a 
somatic mutation in apple cv. 'McIntosh'. By comparing the genomic 
sequences of 'McIntosh' and 'Wijcik', an insertion was found in the Co region 
that was mapped in 'Wijcik'. This insertion was shown to be associated with 
increased expression of a gene, MdCo31, located more than 15 kb 
downstream. A discrepancy was found between the size of the insertion as 
described by Wolters et al. in 2013 and as described almost two months later 
by Otto et al. (2013). This discrepancy is solved in this chapter and the 
mutation that is involved in the columnar phenotype of 'Wijcik' is 
characterised in more detail. The 'Wijcik' insertion is classified as a non-
autonomous retrotransposon of 8.2 kb, which inserted into the 5’ LTR of 
another retrotransposon of 4.0 kb that was already present in the 'McIntosh' 
genome. Using the LTR sequences of the retrotransposons, copies of both 
elements are identified throughout the 'Golden Delicious' genome. Elements 
similar to the retrotransposon that was found in 'McIntosh' show a 
preference for inserting in gene rich regions, while the element that was 
found inserted in 'Wijcik' does not show such a preference. The 'Wijcik' 
mutation is another example of how transposons can affect specific 
properties of their host, but the mechanism by which the 'Wijcik' transposon 
leads to increased expression of MdCo31 is still unknown. Addressing this 
question would be a very interesting topic for further studies. 
 
Introduction 
Although genome sizes vary greatly among different plant species (from 
the ~125-megabase genome of Arabidopsis to the largest sequenced plant 
genome so far, the 2.3-gigabase genome of maize) (The Arabidopsis Genome 
Initiative 2000; Schnable et al. 2009), the total gene number is rather constant 
among different plant species. Only a relatively small part of the Arabidopsis 
genome is formed by repetitive DNA, whereas repetitive DNA represents the major 
part of the maize genome (Meyers et al. 2001).  
82 
 
Genomic characterisation of the 'Wijcik' mutation 
The non-coding part of the genome was long regarded as junk DNA, but 
recent research has showed that this non-coding part can have an important 
function. Although only 3% of the human genome consists of genes, an estimated 
80% of that genome is believed to perform a functional role (ENCODE Project 
Consortium 2012).  
Two major classes of repetitive elements exist. The first class comprises 
the elements that are generated by the host itself, through recombination or the 
replication machinery. These elements include terminal repeats and tandem 
repeats. The second class is formed by transposable elements (TEs), which can 
replicate independent of the host replication machinery (Jurka et al. 2005). The 
expansion of TEs is responsible for the main difference in size between plant 
genomes (Bennetzen et al. 2005). 
Apple has an estimated complete genome size of 742.3 megabases (Mb) 
and consists for 67% of repetitive DNA. The major part of this repetitive DNA, 
approximately 42.4% of the apple genome, is formed by TEs (Velasco et al. 2010). 
Two classes of TEs can be recognised: retrotransposons, which replicate 
through an RNA intermediate, and DNA transposons, which replicate through a 
DNA intermediate (Finnegan 1989). Wicker et al. proposed a classification system 
in which a distinction is made between retrotransposons and DNA transposons and 
two further subclasses of DNA transposons: those that copy themselves for 
insertion and those that leave the original insertion site to move to another place in 
the genome. These classes are further divided in different orders, based on the 
insertion mechanism of the elements (Wicker et al. 2007).  
On a more detailed level, TEs are grouped into superfamilies, according to 
large-scale features such as the structure of protein or non?coding domains and 
size of the target site duplication (TSD). Superfamilies are subsequently divided 
into families, based on DNA sequence conservation which is generally high in the 
coding parts (the open reading frames, ORFs) of TEs, such as the integrase 
domain, reverse transcriptase, or capsid protein. Non-autonomous elements have 
lost some or all of the ORFs found in autonomous elements and depend on their 
autonomous partners for transposition. As the termini of the elements are required 
for transposition, these parts are generally well conserved (Wicker et al. 2007). 
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Movement of TEs has greatly affected the content of plant genomes, 
making up the majority of plant DNA, and have likely played an important role in 
plant genome evolution. Not only do TEs provide additional DNA to the genome, or 
do they disrupt existing genes; they are also able to affect the expression of 
neighbouring genes (Lisch 2013). They can mediate genome rearrangements and 
move (parts of) genes to new genomic contexts (Lisch 2013). TE activity is under 
epigenetic control and this control can affect host gene expression as well. An 
interesting hypothesis states that TEs were the original targets of epigenetic 
regulation and that this mechanism was later adapted to control the expression of 
host genes (Slotkin and Martienssen 2007). Some examples of these different 
effects of TE insertions on the host will be given below. 
The insertion of a TE close to a gene can disrupt the promoter of the gene 
or affect repressor or enhancer elements. Such a mutation was found in maize, 
where the insertion of a Mutator (Mu) TE in a conserved sequence in the intron of 1 
knotted1 led to overexpression of that gene (Greene et al. 1994). 
Naito et al. (2006) showed a big expansion of the DNA transposon mPing 
in some rice strains and, in a subsequent study, showed that the mPing element 
has a preference for inserting into the first 1-5 kilobases (kb) upstream of the 
transcription start site of genes. The mPing insertion affects the expression of 
those genes, making them stress-inducible (Naito et al. 2009). A preference for 
inserting in the 5’ flanking region of genes has been described for other TEs as 
well, for example for the Mu and Mutator–like TEs (Pack-MULEs) (Liu et al. 2009; 
Jiang et al. 2011), suggesting that these elements also target the 5’ region of 
genes and are able to affect the expression of these genes. 
Capturing of gene fragments by TEs and the movement of these fragments 
to new places in the genome was reported for helitrons in maize and Mutator like 
elements (MULEs) in rice (Juretic et al. 2005; Morgante et al. 2005). In theory, this 
movement could lead to new combinations of ORFs. When the SUN gene got 
copied by a retrotransposon to a new genomic context in tomato, this resulted in 
increased expression of that gene and in an elongated fruit shape (Xiao et al. 
2008). 
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Activity of TEs is under epigenetic control by post-transcriptional silencing 
and chromatin modifications, mediated through small interfering RNAs (siRNAs) 
(Slotkin and Martienssen 2007). A number of studies have demonstrated that this 
epigenetic control of TEs can alter the expression of genes close by. An example is 
the post-transcriptional silencing of FLOWERING LOCUS C (FLC) in the early 
flowering Landsberg erecta (Ler) accession of Arabidopsis, that is due to the 
insertion of a MULE in an intron of that gene (Liu et al. 2004). Spreading of 
methylation (to control TE activity) from TE insertions to the surrounding area is 
another mechanism that can lead to changes in expression of genes around TEs 
(Martienssen and Baron 1994; Iida et al. 2004). 
The insertion of TEs can result in alterations in gene expression and 
possibly in novel coding sequences, but the most likely effect is deleterious. 
Although TE movement is normally prevented by the host, it is clear from the many 
TEs present in plant genomes that they do manage to escape this control 
occasionally. Several studies showed that the control of TE movement is released 
under stress, a mechanism that is hypothesised to be employed by the host to 
generate diversity to adapt to new conditions (McClintock 1984; Levin and Moran 
2011; Shapiro 2011). 
The ‘Wijcik’ mutation was already briefly described in chapter 3 of this 
thesis. In that chapter, we performed a sequence comparison between the ‘Wijcik’ 
and the ‘McIntosh’ Co region and identified a single difference between the two 
cultivars: a 1956 bp insertion in ‘Wijcik’. We also showed that many copies of 
similar sequences are present in the ‘Golden Delicious’ genome. 
Otto et al. (2013) compared the Co region between ‘McIntosh’ and ‘Wijcik’ 
as well and described an insertion in ‘McIntosh’ at the exact same position as the 
insertion that we identified in our study (Wolters et al., 2013). They, too, concluded 
that this insertion in ‘Wijcik’ is the only genomic difference between the ‘McIntosh’ 
and ‘Wijcik’ Co region. However, the insertion described by Otto et al. is 8.2 kb and 
not 1956 bp, as was reported by us. From both studies, though, it is clear that a 
TE-like sequence is responsible for the columnar growth of ‘Wijcik’.  
The precise conditions that led to the TE insertion in ‘Wijcik’ are unknown, 
but the mutation was reported to occur spontaneously. ‘Wijcik’ originated as a 
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single upright shoot at the top of a 50-year-old ‘McIntosh’ tree (Fisher 1969). About 
50% of the progeny trees derived from a cross from the ‘Wijcik’ mutant with 
‘Golden Delicious’ displayed a similar growth habit, indicating its monogenic, 
dominant character (Fisher 1969). The past 50 years have shown that columnar 
growth is a very stable trait. Grafts from the original ‘Wijcik’ shoot that are 
maintained at the germplasm collection of Fondazione Edmund Mach, and at other 
places, still show the same phenotype that was originally described by Fisher 
(1969). This stability already suggested that the Co mutation is a genetic and not 
only an epigenetic mutation, although the genetic mutation may have induced 
epigenetic changes. 
The presence of the ‘Wijcik’ insertion was correlated with an increase in 
transcription of MdCo31, a gene 15.6 kb downstream of the insertion. The 
increased transcription of MdCo31 in columnar trees provides a good explanation 
for the dominant character of the columnar trait. No increased transcription was 
found for the predicted genes between the insertion and MdCo31 (Wolters et al. 
2013). We expected to find an effect on a gene close to the mutation, but, as also 
shown in the ENCODE project, regulatory elements are not necessarily close to the 
affected gene (Sanyal et al. 2012). An interesting example, with some parallels to 
the ‘Wijcik’ insertion, is the retrotransposon Hopscotch in maize that inserted 
around 60 kb upstream of the teosinte branched1 gene. The retrotransposon 
insertion caused increased expression of that gene, resulting in increased apical 
dominance and a reduction in branching (Studer et al. 2011). 
In this chapter, we compared the results of the two studies performed by 
Wolters et al. (2013) and Otto et al. (2013), which both show that the ‘Wijcik’ Co 
region contains an insertion that is not present in the Co region of ‘McIntosh’. We 
characterised this insertion in more detail and looked at homologous sequences 
from 'Golden Delicious'. We also had a closer look at the region surrounding the 
'Wijcik' insertion and showed that this region contains another retrotransposon that 
has homologs in the 'Golden Delicious' genome. In addition to characterising the 
‘Wijcik’ mutation, possible explanations for the effect of the ‘Wijcik’ insertion on the 
expression of MdCo31 are discussed, together with experiments that could be 
performed to test these hypotheses. 
86 
 
Genomic characterisation of the 'Wijcik' mutation 
Materials and methods 
PCR 
PCRs were performed on an Applied Biosystems 2720 Thermal Cycler 
using 5 PRIME Taq DNA Polymerase in a total volume of 20 μl. For amplification of 
'McIntosh' DNA, BAC clone STM80E16 was used, and for amplification of 'Wijcik' 
DNA, BAC clone W11K19 was used (both are described in chapter 3 of this thesis). 
Cycling conditions included an initial denaturation step of 5 min at 95 °C followed 
by 32 cycles of 30 s at 95 °C, 1 min at 60 °C and 2 min at 72 °C, terminating in a 
final extension step of 5 min at 72 °C. Primers PPTr (5’-
GAGGGTCACATAGGGGGAAG-3’) and PBSf (5’-TCCCTCAGCTCCATTTGAAC-
3’) were designed on the PPT and PBS of the 8.2. kb retrotransposon described by 
Otto et al. (2013). 
Analysis of homologous retrotransposons from ‘Golden Delicious’ and gene 
density 
The consensus long terminal repeat (LTR) sequences of the two nested 
retrotransposons from ‘Wijcik’ were blasted in the genome of ‘Golden Delicious’ 
(Velasco et al. 2010). The locations of the LTR matches were stored as tabular 
blast output files and a python script was developed to search for LTR matches on 
the same contig, within 10 kb from each other. Sequences containing 2 LTRs and 
varying in length between 3 and 10 kb were considered putative retrotransposons 
and were extracted from the ‘Golden Delicious’ genome using the BEDtools suite 
(Quinlan and Hall 2010). 
A similar approach was used to look at the gene density around the 
complete retrotransposons that were identified in the previous step, the LTRs of the 
‘Wijcik’ insertion and 500 randomly picked locations on the ‘Golden Delicious’ 
genome. Gene locations were taken from the GFF-file published with the ‘Golden 
Delicious’ genome (Velasco et al. 2010). 
Results 
The 'Wijcik' insertion 
In the previous chapter, we stated that the ‘Wijcik’ insertion has a length of 
1956 bp, whereas Otto et al. (2013) described an 8.2 kb retrotransposon insertion. 
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In Fig. 1a, both results are compared next to each other. Strikingly, the size of the 
LTRs of the retrotransposon that was described by Otto et al. (1951 bp) is very 
similar to the size of the 1956 insertion that was described by us. When comparing 
both sequences, it turns out that the 1951 bp LTR that was described by Otto et al. 
is completely contained within the sequence of the 1956 insertion. The remaining 5 
bp (AGGAC) preceding the insertion matches the last 5 bp of the 1956 bp insertion 
and is identical to the TSD described by Otto et al. This observation led us to 
question our previous findings. 
 
 
  
88 
 
Genomic characterisation of the 'Wijcik' mutation 
Figure 1. Investigating the correct size of the ‘Wijcik’ insertion. A. Comparison of the ‘Wijcik’ 
insertion described by Wolters et al. (2013) (top) and the insertion described by Otto et al. (2013) 
(bottom). The size of the LTR of the retrotransposon that was described by Otto et al. is identical to the 
size of the insertion described by Wolters et al. (1951 bp, not counting the TSD, target site duplication). 
The location of the polypurine tract (PPT) and the primer binding site (PBS) are indicated on the 
retrotransposon described by Otto et al. The locations of the primers used in the PCR that is displayed 
in (B) and (C) are indicated on the two different depictions of the ‘Wijcik’ insertion. B. A PCR using 
primers 29f1 and 30r, designed on DNA flanking the insertion, resulted in a PCR product of around 400 
bp when genomic DNA of ‘McIntosh’ (Mc) was used as a template and around 2300 bp when genomic 
DNA of ‘Wijcik’ (Wi) was used. This result suggests that the ‘Wijcik’ insertion is around 2 kb and not 8.2 
kb. C. PCR products were obtained for Wi template when primers were used that should specifically 
amplify the insertion that was described by Otto et al. and that should not result in amplification products 
for the insertion described by Wolters et al. As expected, no PCR products were obtained for Mc 
template. These results indicate that Wolters et al. made a mistake in assembling the insertion and that 
the insertion was correctly described by Otto et al. D. Explanation for the conflicting results of the PCRs 
shown in (B) and (C). PCR fragments that were derived from the 5’ long terminal repeat (LTR) could re-
anneal to the 3’ LTR and vice versa. In this way, new DNA template was formed that contained both 
primer sites flanking the LTR only, instead of the complete transposon. In subsequent cycles, this 
shorter fragment would have amplified better than the original template containing the 8.2 kb sequence. 
 
After finding the ‘Wijcik’ insertion, we performed several control PCRs on 
the BAC plasmids containing the Co region of ‘McIntosh’ and ‘Wijcik’ and on 
genomic DNA of ‘McIntosh’, ‘Wijcik’ and columnar and standard trees derived from 
the ‘Golden Delicious’ x ‘Wijcik’ cross. These PCRs showed a clear correlation 
between presence of the insert and the columnar phenotype (Wolters et al. 2013). 
Interestingly, a PCR using primers designed on both ends flanking the ‘Wijcik’ 
insertion resulted in PCR products of a bit more that 2 kb (not published), 
suggesting that the insertion was correctly described by Wolters et al. (2013) and a 
lot smaller than the 8.2 kb that was reported by Otto et al. (2013). 
To rule out all doubts about the size of the insertion, the PCR using the 
primers designed on both flanking parts of the ‘Wijcik’ insertion was repeated on 
BAC clones containing the Co region (Fig. 1b). This PCR should amplify the 
complete insertion. Additionally, new primers (PPTr and PBSf) were designed on 
the polypurine tract (PPT) and the primer binding site (PBS) of the retrotransposon 
described by Otto et al, which should not be present in the 1956 bp insertion (Fig. 
1c). 
As observed before, the PCR using primers designed on the regions 
flanking the ‘Wijcik’ insertion resulted in PCR products that were slightly larger than 
2 kb (Fig. 1b), suggesting that the ‘Wijcik’ insertion is around 2 kb. Surprisingly, the 
PCRs using primers specific for the 8.2 kb retrotransposon also yielded the 
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products that would be expected if this element was present at the ‘Wijcik’ insert 
site (Fig. 1c). These results seem to conflict each other. 
To better understand these contradicting results, we went back to the 
original 454 reads that were used to assemble the Co region of ‘Wijcik’. Alignment 
of these reads to the 8.2 kb retrotransposon showed that this sequence was 
completely covered, indicating that there is a missing piece in the assembly of the 
‘Wijcik’ insertion that was part of Wolters et al. (2013). Because the 5’ LTR of the 
8.2 kb retrotransposon is 100% identical to the 3’ LTR (Otto et al. 2013) and 
because the LTRs are a lot longer (1951 bp) than the maximum length of the 454 
reads (806 bp), it looks like the assembly incorrectly collapsed on the LTR of the 
retrotransposon. 
The PCR product suggesting that the insert is 1956 bp instead of 8.2 kb in 
length could be an artefact. As we expected to amplify a 1956 bp insertion, the 
elongation phase of that PCR lasted only 2 min. In 2 min, it is not possible to 
amplify the full 8.2 kb retrotransposon, but many PCR fragments are produced 
from the terminal parts (the LTRs) of the retrotransposon. In the next round of 
PCR, fragments derived from the 5’ LTR can re-anneal to the 3’ LTR and vice 
versa. This way, new DNA template could be formed that contains both primer 
sites that flank a single LTR only, instead of the complete element. Because of the 
smaller size of this template, it would amplify better than the original template 
containing the 8.2 kb sequence in subsequent amplification cycles (summarised in 
Fig. 1d).  
With this explanation for the 2 kb fragments obtained in the PCR displayed 
in Fig. 1b, the fact that the PCR displayed in Fig. 1c matches with the findings of 
Otto et al. (2013) and after the identification of 454 reads among the reads 
obtained from the BAC clone containing the ‘Wijcik’ insertion that cover the 
complete 8.2 kb retrotransposon, it can be concluded that the discrepancy between 
the results obtained in chapter 3 of this thesis and the results described by Otto et 
al. is explained by an assembly error and a PCR artefact. The correct size of the 
‘Wijcik’ insertion is 8.2 kb.  
The 8.2 kb insertion happened inside another piece of repetitive DNA of 
about 350 bp. A closer look at this 350 bp sequence, and its surrounding region, 
90 
 
Genomic characterisation of the 'Wijcik' mutation 
revealed a second match of a very similar sequence around 3.2 kb downstream. 
The presence of a TSD at the 5’ and the 3’ of the two repetitive sequences 
indicates that this sequence is another retrotransposon with LTRs of 348 bp. A 
gene fragment is contained within this retrotransposon that was annotated before 
as MDP0000766466 and named MdCo29 in the previous chapter. The complete 
size of this ‘McIntosh’ retrotransposon is 3959 bp. The 8.2 kb ‘Wijcik’ 
retrotransposon inserted in the 5’ LTR of this smaller retrotransposon, resulting in a 
nested TE in ‘Wijcik’, as presented in Fig. 2. 
 
 
Figure 2. Correct depiction of the ‘Wijcik’ mutation. The mutation that resulted in columnar growth of 
‘Wijcik’ (red) is an insertion of an 8.2 kb retrotransposon in the LTR of another, 4.0 kb, retrotransposon 
that was already present in ‘McIntosh’ (blue). Primer binding site (PBS), polypurine tract (PPT), long 
terminal repeats (LTRs) and target site duplications (TSDs) are indicated in the figure. 
Similar TEs in ‘Golden Delicious’ 
Both retrotransposons that were identified contain small ORFs, which 
seem to correspond to fragments of genes, but they do not contain the typical 
ORFs that are necessary for autonomous replication of the elements. They contain 
a PPT (a sequence rich in purines that is cleaved during reverse transcription and 
used as a primer to initiate syntheses of the plus strand of the retrotransposon 
DNA) (Petropoulos 1997; Otto et al. 2013) and a PBS (the binding site for a tRNA 
that functions as the primer for reverse transcriptase to initiate synthesis of the 
minus strand of the DNA for replication). The two elements can thus be classified 
as large retrotransposon derivatives (LARDs, (Kalendar et al. 2004)), or, according 
to the classification system that was proposed by Wicker et al. (2007), as class I 
elements belonging to the LTR order. Until the identification of their autonomous 
partners, it will not be possible to assign them to an existing superfamily or family. 
We will refer to the 8.2 kb retrotransposon as ‘Wijcik’ retrotransposon and to the 
smaller 4.0 kb retrotransposon as ‘McIntosh’ retrotransposon. 
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In an attempt to identify similar elements (and to possibly identify the 
autonomous partners), a BLAST search for LTRs of the two retrotransposons was 
performed against the ‘Golden Delicious’ genome. This BLAST search resulted in 
the identification of 137 LTR matches for the ‘Wijcik’ retrotransposon and 305 
matches for the ‘McIntosh’ retrotransposon LTR sequence. 
As complete retrotransposons are delimited by LTRs, a subsequent 
analysis is performed to identify sequences that are flanked by two LTRs within 10 
kb from each other. The results of this analysis are displayed as a graph in Fig. 3. 
The distance (in kb) from the LTRs that were identified during the BLAST search is 
shown on the horizontal axis and the number of LTRs with a second similar LTR 
match at that location is displayed on the vertical axis. As can be concluded from 
this figure, many elements homologous to the ‘McIntosh’ retrotransposon are 
present in the ‘Golden Delicious’ genome, but there is only one element present 
that has two LTRs with homology to the ‘Wijcik’ retrotransposon. The size of this 
second element is only 4.8 kb, a lot less than the 8.2 kb of the ‘Wijcik’ insertion. As 
the typical ORFs for autonomous retrotransposons are also absent in this 
sequence, this cannot be the autonomous partner of the ‘Wijcik’ retrotransposon. 
 
 
 
Figure 3. Second LTR matches around LTR locations. Graph depicting the number of LTRs that 
have a second LTR match at a distance from 0 to 10 kb from the ‘Wijcik’ retrotransposon-like LTR (red) 
or the ‘McIntosh’-like retrotransposon LTR (blue). 
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A total of 40 ‘McIntosh’-like retrotransposon sequences were detected in 
the ‘Golden Delicious’ genome, which range in length from around 3-4 kb (Fig. 4, 
see Table 1 for an overview of the locations of these elements and find a summary 
of the locations of both elements in Fig. 5). A BLASTX search was performed 
against these 40 elements, in order to find candidate autonomous partners of the 
‘McIntosh’ retrotransposon. Around 75% of the 40 elements have good matches to 
fragments of proteins from the Uniref90 protein database (Suzek et al. 2007), but 
no complete genes were detected inside the ‘McIntosh’ retrotransposon and no 
retrotransposon domains were identified in any of them. 
 
 
 
Figure 4. ‘McIntosh’-like element lengths. Size distribution of the 40 ‘McIntosh’ retrotransposon-like 
sequences that were found in the ‘Golden Delicious’ genome. 
TE insert sites 
The ‘Wijcik’ retrotransposon moved only about 50 years ago. To see if the 
‘McIntosh’ and ‘Wijcik’ retrotransposon-like sequences are still active, the insert 
sites of the elements identified in the ‘Golden Delicious’ genome were compared to 
‘McIntosh’, using Illumina reads derived from genomic DNA of ‘McIntosh’ that were 
produced as part of a bigger project to identify single nucleotide polymorphisms in 
diverse apple cultivars. Thus, the presence of the elements identified in ‘Golden 
Delicious’ was verified in ‘McIntosh’. Additionally, the corresponding ‘vacant’ sites 
(before insertion of the retrotransposons) were searched for in ‘McIntosh’. This 
analysis did not result in the identification of any differences between ‘Golden 
Delicious’ and ‘McIntosh’. 
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Figure 5. Overview of the distribution of the ‘McIntosh’-like retrotransposons and ‘Wijcik’ 
retrotransposon-like LTRs over the 17 chromosomes of ‘Golden Delicious’. ‘McIntosh’-like 
retrotransposons are indicated in black, ‘Wijcik’ retrotransposon-like LTRs in red. 
 
As explained in the introduction, TEs can affect the expression of genes in 
their vicinity and some TEs show a preference for inserting close to genes (Liu et 
al. 2009; Naito et al. 2009; Jiang et al. 2011). The insertion of the ´Wijcik´ 
retrotransposon was shown to be correlated with increased expression of MdCo31 
in chapter 3. To see if the TEs identified in ‘Golden Delicious’ could be potential 
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gene regulators, similar to the mPing element that was identified in rice (Naito et al. 
2009), a gene density analysis was performed around these elements. 500 
locations that were picked randomly in the ‘Golden Delicious’ genome were 
included in the analysis to show the average gene density in the genome. The 
gene density was examined in blocks of 5 kb in a total region of 50 kb around the 
LTRs that show similarity to the ´Wijcik´ and ‘McIntosh’-like retrotransposon and 
the 500 randomly picked locations in the ‘Golden Delicious’ genome. The results 
are displayed in Fig. 6.  
 
 
Figure 6. Gene density around ‘Golden Delicious’ genome locations. The average number of 
genes in intervals of 5 kb around ‘McIntosh’-like retrotransposon LTRs (blue), ‘Wijcik’ retrotransposon-
like LTRs (red) and randomly picked positions (grey) in the ‘Golden Delicious’ genome. 
 
Around the 1950 bp LTRs that are similar to the LTRs in the ‘Wijcik’ 
retrotransposon, the gene density is around 0.72 genes/5 kb. Around the randomly 
picked locations, the gene density is about 0.75, very similar to the number for the 
‘Wijcik’ retrotransposon-like LTR locations, so it seems that this element has no 
preference for inserting close to genes. The ´McIntosh´-like retrotransposon 
sequences, however, do seem to have a preference for inserting into gene rich 
regions. The average gene density around the LTRs of these retrotransposons is 
about 1.10 genes/5 kb. The peak at the location of the retrotransposon itself can be 
explained by the presence of ORFs of gene fragments inside the retrotransposon, 
which are often annotated as genes in the ‘Golden Delicious’ gene predictions. 
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Table 1. Overview of the locations of the 40 retrotransposons that bear similarity to the 'McIntosh' 
retrotransposon that were identified in the 'Golden Delicious' genome 
 
Name GD contig start  end orientation chromosome start end 
 
McIntosh1 MDC007740.273 30764 34589 - - -  
McIntosh2 MDC013825.249 4139 7976 + - -  
McIntosh3 MDC004651.427 2790 6747 - - -  
McIntosh4 MDC008041.193 5165 9627 + - -  
McIntosh5 MDC011766.735 2239 4935 - - -  
McIntosh6 MDC025235.40 8634 12601 - chr2 13044369 13048336 
McIntosh7 MDC021955.80 6696 10543 + chr2 15181238 15185085 
McIntosh8 MDC004448.281 2322 6771 + chr2 35342756 35347205 
McIntosh9 MDC011766.720 345 2978 - chr3 10444238 10446871 
McIntosh10 MDC021353.148 2686 6423 + chr3 23690989 23694726 
McIntosh11 MDC001196.307 5456 9365 + chr3 28197997 28201906 
McIntosh12 MDC029659.16 1929 5437 - chr4 921402 924910 
McIntosh13 MDC007239.507 5554 9599 - chr4 6810708 6814753 
McIntosh14 MDC011832.263 1733 5906 + chr4 15407720 15411893 
McIntosh15 MDC011287.339 16219 20758 - chr4 16315500 16320039 
McIntosh16 MDC012792.364 5895 11305 - chr4 17193419 17198829 
McIntosh17 MDC013219.318 5836 9510 + chr5 19960689 19964363 
McIntosh18 MDC011373.251 7237 11053 + chr5 21005990 21009806 
McIntosh19 MDC013503.290 9698 12807 + chr6 16891710 16894819 
McIntosh20 MDC002608.621 3593 7922 + chr7 17393595 17397924 
McIntosh21 MDC021393.441 16572 20677 - chr6 17752338 17756443 
McIntosh22 MDC014206.69 8023 12019 + chr8 547004 551000 
McIntosh23 MDC006328.490 2782 6302 + chr8 7266438 7269958 
McIntosh24 MDC021955.78 3934 7772 + chr8 17276132 17279970 
McIntosh25 MDC022206.381 14362 18118 - chr8 26474169 26477925 
McIntosh26 MDC008101.327 4562 8293 + chr8 29280369 29284100 
McIntosh27 MDC008995.306 10728 14783 - chr9 16625859 16629914 
McIntosh28 MDC009292.256 13322 17271 + chr10 18796841 18800790 
McIntosh29 MDC008101.323 1573 5569 + chr11 19066775 19070771 
McIntosh30 MDC037014.7 18093 21910 - chr11 24626736 24630553 
McIntosh31 MDC013297.192 22015 26073 + chr11 26411660 26415718 
McIntosh32 MDC012795.433 5547 9843 + chr11 28712042 28716338 
McIntosh33 MDC017110.186 24472 28592 - chr12 13288971 13293091 
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McIntosh34 MDC009334.243 21650 25863 - chr13 4299583 4303796 
McIntosh35 MDC021754.182 14694 18564 + chr13 8267463 8271333 
McIntosh36 MDC017873.442 7636 11346 + chr13 11807546 11811256 
McIntosh37 MDC011267.253 33551 38138 + chr13 17657023 17661610 
McIntosh38 MDC021221.287 3429 6943 + chr14 25074401 25077915 
McIntosh39 MDC008573.596 34910 38939 + chr15 37696716 37700745 
McIntosh40 MDC015244.92 4119 8087 - chr16 4609410 4613378 
Discussion 
The results described in this chapter show that there was a mistake in the 
assembly of the insertion that is responsible for the columnar phenotype of ‘Wijcik’ 
apple earlier described by Wolters et al. (2013). After comparing the results from 
the previous chapter with the findings of Otto et al. (2013) and after a review of the 
analysis that lead to the mistake in the assembly, a correct depiction of the ‘Wijcik’ 
mutation has been presented in Fig. 2. 
The assembly error can be explained by the size of the LTRs of the ‘Wijcik’ 
retrotransposon. The LTR sequences are almost 2 kb. Because the 454 reads are 
too short to span the complete LTR, it was possible for the assembly to collapse on 
this sequence. Also, the PCR that was designed to amplify the complete ‘Wijcik’ 
insertion produced PCR fragments that could re-anneal to both sides of the 
retrotransposon, leading to an incorrect interpretation of the insert size in a control 
PCR. This could not have happened for the shorter LTRs of the ‘McIntosh’ 
element. 
Looking at the ‘Golden Delicious’ genome, it seems that the assembly error 
is rather common in the genome assembly, as many single LTRs can be found that 
are flanked by TSDs. In fact, although many LTRs homologous to the ‘Wijcik’ 
retrotransposon are present in the ‘Golden Delicious’ genome, only one sequence 
is found that is flanked by two LTRs like the ‘Wijcik’ retrotransposon. A second 
explanation for the low number of elements homologous to the ‘Wijcik’ insertion 
found in the ‘Golden Delicious’ genome is the fact that more than 70% of the 
contigs containing a similar LTR sequence is smaller than 10 kb, indicating that 
many contigs probably contain only a part of the complete retrotransposon. The 
‘McIntosh’-like retrotransposons are smaller in size and have shorter LTRs, making 
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them easier to assemble. This is illustrated by the fact that many homologous 
elements could be identified in the apple genome. 
The LTRs of the ‘Wijcik’ retrotransposon ?????????????-TG?3? and end with 
??-CA?3??? ???????? ???? ????? ??? ???? ‘McIntosh’-like retrotransposon ?????? ????? ??-
TG?3? ???????????????-CAA?3??????????????????? 4-5 bp TSD and a recognizable 
PBS and PPT, looking like typical LTR retrotransposons (Wicker et al. 2007). 
However, no ORFs could be identified in the retrotransposons that could enable 
them to replicate, meaning that they are non-autonomous elements. The ‘Wijcik’ 
retrotransposon would have needed the help of an autonomous partner when it 
moved 50 years ago. 
It proved to be difficult to identify such an autonomous partners of the 
'McIntosh' and the 'Wijcik' retrotransposon in the ‘Golden Delicious’ genome. An 
alternative to the in silico approach that was carried out here, a PCR-based 
approach could help to elucidate the autonomous partners. By using combinations 
of PCR primers designed on the LTR sequences of the retrotransposons and 
primers designed on the conserved sequences of ORFs that would be expected to 
be present in autonomous elements, it might be possible to amplify and identify the 
sequences of the autonomous partners. 
Although no ORFs specific for retrotransposons could be detected in the 
two nested elements, or in the homologous elements from ‘Golden Delicious’, 
many ORFs were found in the ‘McIntosh’-like retrotransposon from ‘Golden 
Delicious’. Those ORFs corresponded to gene fragments, but it is unclear where 
these fragments originated from. They could have been captured from other places 
in the host genome, like was found for the Pack-MULEs in rice (Juretic et al. 2005) 
and helitrons in maize (Morgante et al. 2005), but a BLAST search in the apple 
gene set did not result in the identification of the original genes from which the 
fragments could have been derived. 
The LTRs of the ´Wijcik´ retrotransposon are 100% identical, supporting its 
recent integration in the ‘McIntosh’ genome. The 350 bp LTRs of the ‘McIntosh’ 
share 95% identity, demonstrating that this element inserted at an earlier time point 
in the ‘McIntosh’ genome. An attempt was made to compare the retrotransposon 
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content of ‘Golden Delicious’ and ‘McIntosh’, but no differences were found, 
suggesting that movement of these elements is not that common. It would be 
interesting to perform a more extensive analysis, looking at a bigger number of 
cultivars and focussing on the integration sites of the retrotransposons identified in 
this study, to see if differences can be observed between different cultivars. If such 
differences could be identified, these results could also be used to assess the 
effect of the integration of these retrotransposons on the expression of surrounding 
genes. 
The effect of the 'Wijcik' insertion on the expression of MdCo31, and its 
subsequent effect on plant development, is another example of how TEs can 
contribute to phenotypic changes in their host. Many of such examples were 
already described in the introduction of this chapter. How the ‘Wijcik’ insertion 
affects the expression of MdCo31 is still unclear. The effect could be explained by 
a stimulating effect of the presence of the ‘Wijcik’ retrotransposon on the 
expression of MdCo31, or by the disrupting effect of the ‘Wijcik’ insertion on the 
‘McIntosh’ retrotransposon. In the first scenario, an enhancing element is present in 
the ‘Wijcik’ retrotransposon, whereas the second scenario can be explained by the 
presence of an inhibitor in the ‘McIntosh’ retrotransposon. The gene density 
analysis that was carried out in this chapter shows no preference for inserting close 
to gene-rich areas for the ‘Wijcik’ transposon, but the ‘McIntosh’ retrotransposon 
does seem to have a preference for inserting in such areas. 
Whether the effect of the mutation in ‘Wijcik’ and the expression of 
MdCo31 is due to the insertion of the ‘Wijcik’ retrotransposon or due to the 
disruption of the ‘McIntosh’ retrotransposon, the mutation site and MdCo31 have to 
be in close proximity to each other for the effect to occur (schematically displayed 
in Fig. 7). In an alternative explanation, MdCo31 is under control of an enhancing 
or repressing element at a different location of the ‘McIntosh’ genome. The 
insertion in ‘Wijcik’ could have changed the DNA organisation, leading to a change 
in the interaction between MdCo31 and this controlling element. In all explanations, 
the conformation of the chromatin seems to be important to explain the effect of the 
‘Wijcik’ insertion on the expression of MdCo31. 
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A technique that could be used to see if the insertion in ‘Wijcik’ led to a 
change in chromatin conformation is Chromosome Conformation Capture (3C) 
(Dekker et al. 2002). The first step in 3C is to crosslink DNA and proteins using 
formaldehyde. Next, the DNA is fragmented by digesting it with a restriction 
enzyme, after which the DNA molecules are religated. This ligation step results in 
many different ligation products, but fragments that are physically close (due to 
DNA conformation mediated through protein interactions) are more likely to ligate 
to each other. The potential interactions can be investigated using PCR based 
assays on the resulting 3C templates using primers designed on restriction site 
junctions. In plants, 3C has been used to investigate the chromatin looping in the 
booster 1 (b1) locus of maize (Louwers et al. 2009). A detailed protocol for 
performing 3C experiments and experiments based on 3C technologies was 
recently published (Hövel et al. 2012). 
 Although we showed a sequence difference between ‘McIntosh’ and 
‘Wijcik’, and although the stability of the columnar phenotype already suggested a 
genomic mutation rather than an epigenetic mutation only, it would still be 
interesting to investigate the epigenetic landscape around the ‘Wijcik’ 
retrotransposon and MdCo31. The ‘Wijcik’ insertion could have had an effect on 
the epigenetic marks of the Co region. A simple way to test this would be to make 
use of isoschizomers of restriction enzymes that are sensitive and non-sensitive to 
DNA methylation (for example MspI/HpaII). After separate digestion with the methyl 
sensitive and the insensitive enzyme, PCRs on the restriction sites within the 
region of interest would show whether these sites were methylated. Alternatively, 
bisulphite sequencing or chromatin immunoprecipitation experiments could be 
carried out to investigate and compare DNA and histone methylation between 
‘McIntosh’ and ‘Wijcik’. 
A suitable restriction enzyme for the 3C assay could be EcoRI, which 
performs well in 3C experiments (Simonis et al. 2007) and which has many 
restriction sites in the ‘Wijcik’ region. The MspI/HpaII combination could be used for 
the methylation sensitive digestion. The restriction sites of these enzymes in a 
region of 60 kb surrounding the ´Wijcik´ insertion are displayed in Fig. 7. Using both 
methods, candidate loci could be identified that are responsible for the regulation of 
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MdCo31 expression. Once these loci have been identified, their effect on the 
expression of MdCo31 could be tested using reporter gene assays.  
 
 
 
Figure 7. Organisation of the region around the ‘Wijcik’ insertion. If the ‘Wijcik’ insertion contains 
an enhancer, or if the disrupted ‘McIntosh’ motif contained a repressor that lost its functionality due to 
the ‘Wijcik’ insertion, chromatin folding could be responsible for bringing the regulatory element and 
MdCo31 close to each other, as schematically drawn in (A). B. Different views of a region of 60 kb 
around the ‘Wijcik’ insertion are shown. At the top, the location of the ‘Wijcik’ retrotransposon (red) and 
the disrupted ‘McIntosh’ retrotransposon (blue) are indicated. Below, the locations of the gene 
predictions in the Co region (chapter 2) are depicted in red. The locations of MspI/HpaII and EcoRI 
restriction sites in the 60 kb region are shown at the bottom. These restriction sites could be used to 
investigate DNA methylation of the region, or to perform a 3C assay. 
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Abstract 
Earlier work showed that increased expression of a putative 2OG-Fe(II) 
oxygenase, MdCo31, is likely to be the underlying cause of columnar growth 
in apple, which occurs in a mutant of cv. 'McIntosh' called 'Wijcik'. Enzymes 
belonging to the 2-oxoglutarate-dependent dioxygenase (2OGD) family are 
involved in oxidation and hydroxylation reactions of organic substrates. The 
2-OGD family is vast and contains members with important and well 
characterised functions in plant development, but also includes specialised 
enzymes and uncharacterised genes. In this chapter, we show that MdCo31 
expression has a comparable phenotypic effect on the development of 
diverse species, suggesting a conserved function of MdCo31. Nonetheless, 
no well-characterised homologs were found in these species. 2-OGDs can 
have roles in the pathways leading to biosynthesis of gibberellic acid (GA) 
and flavonoids and these compounds could be responsible for the 
phenotype resulting from MdCo31 expression. Profiling of phenolic 
compounds in columnar apple trees and standard apple trees showed 
increased levels of rutin in columnar trees and elevated levels of luteolin 
were found in Arabidopsis plants that constitutively expressed MdCo31. 
However, no effect of these compounds was found when they were added to 
medium that was used to grow Arabidopsis seedlings that could explain how 
MdCo31 affects plants development. Conversely, application of active GA on 
Arabidopsis plants constitutively expressing MdCo31 almost completely 
abolished the effect of MdCo31, suggesting a role for MdCo31 in GA de-
activation. Whether MdCo31 is involved in flavonoid biosynthesis, GA 
biosynthesis, or another process is still unknown and a number of 
experiments are discussed to further investigate this topic. 
 
Introduction 
MdCo31 putatively codes for a 2OG-FeII oxygenase (Wolters et al. 2013). 
The 2-oxoglutarate-dependent dioxygenase (2OGD) family is vast, with 130 
members in Arabidopsis (Kawai et al. 2014) and 263 2OGD genes in apple 
according to the PLAZA 2.5 predictions (Van Bel et al. 2012). 
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2OGDs catalyse the oxidation and hydroxylation of organic substrates, 
often using 2-oxoglutarate as a co-substrate. In addition to 2-oxoglutarate, they 
require Fe2+ for optimal substrate conversion (Prescott and John 1996). The family 
includes well characterised genes with essential roles in the biosynthesis of 
flavonoids, gibberellic acid (GA), alkaloids and ethylene, but also includes many 
uncharacterised genes for which the biochemical function is unknown (Kawai et al. 
2014).  
Because of the many 2OGDs present in plant genomes, their functional 
diversity and their highly divergent amino acid sequences, the classification of the 
different enzymes is complicated. A phylogenetic classification of 2OGDs from 
diverse species ranging from green algae to angiosperms was published very 
recently, in which a distinction is made between 3 different classes of 2OGDs. The 
largest class, DOXC, consists of 57 clades, of which 31 were found in only one of 
the 6 species analysed (Kawai et al. 2014), suggesting specialised functions for 
many 2OGDs. 
Regarding the columnar growth of ‘Wijcik’, the role of 2OGDs in flavonoid 
and GA biosynthesis is particularly interesting. Several examples exist of columnar-
like phenotypes that are due to GAs or flavonoids. The most striking example is 
stumpy poplar, in which overexpression of a GA2-oxidase leads to a phenotype 
that is very similar to that of ‘Wijcik’, with reduced internode length, reduced 
branching and shorter branches (Busov et al. 2003). Support for the role of 
flavonoids in a columnar-like phenotype in apple came from a recent study where 
the chalcone synthase (CHS) genes were silenced (Dare et al. 2013). Besides 
having an effect on plant colouring, CHS silencing resulted in small plants, 
characterised by short internodes and smaller leaves. In the next section, we will 
describe the pathways leading to the biosynthesis of GAs and flavonoids in more 
detail, while focusing on the role of 2OGDs in these pathways. 
GAs are well-known regulators of plant growth, and plants with reduced 
levels of active GAs or a reduced response to GA show dwarf phenotypes (Peng et 
al. 1997; Peng et al. 1999; Boss and Thomas 2002; Busov et al. 2003). GAs are 
produced through the diterpenoid pathway in plants. Three different classes of 
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enzymes are involved in this pathway: terpene synthases (TPSs), cytochrome 
P450 monooxygenases (P450s), and several types of 2OGDs.  
The TPSs are responsible for the conversion of geranylgeranyl 
diphosphate to ent-kaurene. The subsequent conversion of ent-kaurene to GA12 is 
mediated through the P450s. The next steps in GA biosynthesis are carried out by 
2OGDs mainly (Yamaguchi 2008). 
Many different forms of GA exist in plants, of which most are precursors or 
deactivated forms of the principle active forms of GA, GA1 and GA4. GA4 
production starts directly from GA12, whereas GA1 is produced from GA53 that is 
produced through C13-hydroxylation of GA12. The genes encoding GA13-oxidases 
have been identified very recently in rice and do not belong to the 2OGD class 
(Magome et al. 2013). 
The later steps in the GA biosynthesis pathway are carried out by several 
2OGD classes that include GA20-oxidases, GA3-oxidases and GA2-oxidases. 
GA12 and GA53 are processed through sequential oxidation of C-20 by GA20-
oxidases while GA1 and GA4 are produced from GA20 and GA9 by GA3-oxidases. 
The active forms of GA are deactivated by GA2-oxidases mainly (Hedden and 
Thomas 2012). A possible GA2-oxidase activity of MdCo31 would result in 
decreased levels of active GAs in ‘Wijcik’, in which expression of this gene was 
found to be increased in axillary buds that were harvested in spring. A role for 
MdCo31 in a different part of the GA pathway could possibly affect the balance 
between other forms of GA. 
2OGDs also have roles in flavonoid biosynthesis. Flavonoids can 
negatively regulate auxin transport (Brown et al. 2001; Peer and Murphy 2007) and 
auxin transport is believed to be required for outgrowth of axillary buds 
(Prusinkiewicz et al. 2009), providing a possible mechanism for causing the 
columnar phenotype of ‘Wijcik’. A role for auxin in columnar growth of apple was 
also hypothesised by Petersen et al. (2013), who suggested to compare the rate of 
auxin transport between columnar and standard trees to see if auxin transport rate 
differs between these plants (Petersen and Krost 2013). 
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Figure 1. 2OGDs and the flavonoid pathway. Adapted from Martens et al. (2010) and the KEGG 
pathway. p-coumaroyl-CoA is converted to the chalcone backbone that forms the basis of flavonoid 
compounds. Solid arrows indicate conversion steps that can be mediated through 2OGD enzymes, 
whereas dotted arrows indicate conversion step that are mediated by enzymes belonging to other 
classes (between brackets). Luteolin is produced through the flavone branch of the flavonoid pathway, 
whereas rutin is produced in the flavonol branch. CHS: chalcone synthase, CHI: chalcone isomerase, 
F3H: flavanone 3-ß-hydroxylase, FNSI/FNSII: flavone synthase I/II, FLS: flavonol synthase, DFR: 
dihydroflavonol 4-reductase, ANS: anthocyanidin synthase. 
 
The flavonoid biosynthesis pathway is part of the phenylpropanoid 
pathway, where phenylalanine is transformed in p-coumaroyl-CoA. This pathway, 
starting from p-coumaroyl-CoA and leading to production of the different classes of 
flavonoids, is summarised in Fig. 1. CHS is the first flavonoid specific enzyme and 
is responsible for the conversion of p-coumaroyl-CoA into the chalcone scaffold 
that forms the backbone of all flavonoids. Chalcones are converted to flavanones 
(such as naringenin and eriodictyol) through chalcone isomerase (CHI). Different 
oxidation reactions, mediated by several isomerases, reductases, hydroxylases 
and including 2OGDs, lead to the different flavonoid subclasses (Ferreyra et al. 
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2011). Four different types of 2OGDs are active in the flavonoid pathway: 
?????????? ??-hydroxylase (FHT, or F3H), flavonol synthases (FLS) flavone 
synthase 1 (FNS1) and leucoanthocyanidin dioxygenase (LDOX or ANS) (Cheng et 
al. 2014). 
FHT is responsible for the conversion of flavanones into dihydroflavonols, 
that can be converted to flavonols through the action of F3H, or, alternatively, to 
anthocyanidins through DFR (dihydroflavonol 4-reductase) and ANS (Martens et al. 
2010). The 2OGD FNSI mediates the conversion of flavanones into flavones in 
Apiaceae only (Gebhardt et al. 2005). This conversion is mediated by the P450 
FNSII in other species (Lee et al. 2008). 
The 2OGDs from the flavonoid pathway show overlapping substrate 
specificity and all 2OGDs involved in the pathway can accept naringenin as a 
substrate (Cheng et al. 2014). FLS and ANS have a broader substrate specificity 
and accept the flavanone substrates that are processed by FHT and FNSI. The 
substrate specificity of FNSI and F3H is more restricted (Martens et al. 2010). If 
MdCo31 has a role in the flavonoid pathway, this could affect the levels of 
flavonoids that act as negative regulators of auxin transport. 
The biochemical function of MdCo31 was investigated in this chapter. 
Besides in apple, we studied the function of MdCo31 in Arabidopsis and tomato. 
Arabidopsis plants were used to test the hypothesis that MdCo31 is involved in the 
biosynthesis of GAs, using GA treatments. The alternative hypothesis, that auxin 
transport is affected due to the putative role of MdCo31 in flavonoid biosynthesis, 
was investigated with a gravitropism assay on Arabidopsis seedlings.  
Materials and methods 
Plant material 
The Arabidopsis lines used in this study were of Columbia ecotype and the 
tomato variety that was used is ‘Moneymaker’. Plants were grown in soil in a 
growth chamber at 22 °C with a long photoperiod (16 h of 100 μmol m-2 s-1 light, 8 h 
of dark). Apple trees were grown and maintained at the orchard ‘Giaroni’ belonging 
to the Fondazione Edmund Mach (FEM) at the Istituto Agrario di San Michele 
all’Adige (IASMA) located in Italy (latitude 46.181539°, longitude 11.119877°). 
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Nucleic acids were extracted from ~100 mg plant tissue that was grinded to 
a fine powder in liquid nitrogen. Genomic DNA was isolated using the DNeasy 
Plant Mini Kit (QIAGEN). 
Tomato transformation 
pENTR/D-MdCo31 (Wolters et al. 2013) was recombined with the pK7WG2 
vector (Karimi et al. 2002), using the Gateway LR Clonase II kit (Life 
Technologies), to give rise to pPro35S:MdCo31_K. Tomato plants were sown on 
germination medium (0.5x MS, 10% sucrose, 0.8% agar, pH=5.8).  
Cotyledon pieces of the tomato seedlings were incubated with 
Agrobacterium tumefaciens strain GV3101 carrying the T-DNA binary vector 
pPro35S:MdCo31_K for 10-15 min and incubated for 48 h at 25 °C. Explants were 
transferred to GCF10 medium (1x MS, 108.7 mg/l Nitsch vitamins, 1.5 mg/l zeatine 
riboside and 0.2 mg/l IAA, 30% sucrose, 0.8% agar, pH=5.8) containing 300 mg/l 
timentin and 100 mg/l kanamycin and incubated at 25 °C for 3 weeks. After this 
period, the explants were transferred to fresh plates. Once formed, calli were 
excised and transferred to GCF11 medium (1x MS, 108.7 mg/l Nitsch vitamins, 1.9 
mg/l zeatine riboside, 30% sucrose, 0.8% agar, pH=5.8) containing 300 mg/l 
timentin and 100 mg/l kanamycin. Once shoots were big enough, they were 
transferred to MS30B5 medium (1x MS, 112 mg/l vitamin B5, 30% sucrose, 0.8% 
agar, pH=5.8) containing 100 mg/l kanamycin. Plants with roots were transferred to 
soil and grown in a growth chamber under the same conditions as the Arabidopsis 
plants. 
PCR 
PCR amplifications were performed in a volume of 20 μl in 1x PCR buffer 
containing 1 μl of DNA template, 0.2 mM dNTPs, 3mM MgCl2, 0.5 units of 5 PRIME 
Taq DNA polymerase and 0.1 mM of each primer. The cycling conditions included 
an initial denaturation step of 5 min at 95 °C followed by 35 cycles of 30 s. at 95 
°C, 1 min at 60 °C, 1 min at 72 °C and a final extension phase of 5 min at 72 °C. 
PCR cycling was carried out using an Applied Biosystems 2720 Thermal Cycler. 
The primers used for amplification of MdCo31 were MdCo31f and 
MdCo31r (chapter 3). LeActinF (5’-CCAAAAGCCAATCGAGAGAA-3’) and 
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LeActinR (5’-GGTACCACCACTGAGGACGA-3’) were used to amplify the house 
keeping gene Actin from tomato. 
Phylogenetic analysis 
Tomato genes coding for putative 2OGDs were identified through 
phytozome (Goodstein et al. 2011) and Arabidopsis 2OGDs were taken from the 
PLAZA 2.5 database (Van Bel et al. 2012). Amino acid sequences were aligned by 
ClustalW (Larkin et al. 2007) and phylogenetic trees were constructed in MEGA 
(Tamura et al. 2011) using the neighbour joining method (Saitou and Nei 1987). A 
bootstrap test with 1000 replicates was performed to calculate confidence levels of 
the tree. 
Flavonoid profiling 
Bud material from ‘Wijcik’ and ‘McIntosh’ apple trees was harvested in 
spring in 2013. Arabidopsis plants were grown in soil in a growth chamber at 22 °C 
with a long photoperiod (16 h of 100 μmol m-2 s-1 light, 8 h of dark) and the 
complete rosettes were harvested for the analysis. Around 100 mg of plant tissue 
was used for both the apple and Arabidopsis samples, which was ground to a fine 
powder in liquid nitrogen using a pestle and mortar. Profiling of phenolic 
compounds was carried out using the method described by Vrhovsek et al. 
(Vrhovsek et al. 2012). 
Auxin assay 
Arabidopsis seeds were sterilised by incubating the seeds for 2 min in 70% 
ethanol, followed by an incubation of 10 min in bleach solution (2-3% sodium 
hypochlorite and 5 μL Tween 20 in 10 ml of H2O). After this incubation step, the 
seeds were washed 5 times in water and resuspended in 0.1% agar solution. 
The seeds were plated out on 0.5x MS medium (2.2 g MS, 0.5g MES, 0.1g 
myo-inositol and 10 g sucrose in 1 l of H2O) containing 0.7% agar and different 
concentrations of active GA, luteolin, rutin, naringenin and 1-N-Naphthylphthalamic 
acid (NPA) and the plates were placed vertically in a growth chamber at 22 °C 
under long photoperiod. After 10 days, the plates were turned 90 degrees and the 
root length and root angle were measured. 
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GA treatment 
Arabidopsis plants were grown under normal conditions. After the seeds 
had germinated, the plants were treated with active GA (?????? ????? ????????3, 
SIGMA-ALDRICH) by spraying the plants twice per week with a 100 μM GA 
solution. Control plants were sprayed with water. The internode length and final 
plant height of the GA treated and control plants were measured after flowering. 
E. coli protein production and purification 
The pENTR/D-MdCo31 vector (Wolters et al. 2013) was recombined into 
pDEST15 (Life Technologies), introducing a glutathione S-transferase (GST) tag at 
the N-terminus of MdCo31, using the Gateway LR Clonase II kit (Life 
Technologies), resulting in pDEST15-MdCo31. pDEST15-MdCo31 was 
transformed to BL21 E. coli cells. 
For protein production, BL21 was grown at 37 °C until an optical density of 
0.3, after which protein expression was ???????? ??? ????????? ??? ?????????? ?-D-1-
thiogalactopyranoside (IPTG) to obtain a 1 mM IPTG concentration. After addition 
of IPTG, the culture was grown for 3 h at 28 °C. 
Proteins were extracted from the E. coli pellets by resuspending the pellet 
of 500 μl of culture in 500 μl lysis buffer (50 mM KH2PO4, pH=7.8; 400 mM NaCl; 
100 mM KCl; 10% glycerol; 0.5% Triton X-100; 10 mM imidazole) and by 
performing 3 subsequent freeze-thaw cycles in liquid nitrogen and a water bath at 
42 °C. 
Purification of MdCo31 was performed making use of the GST tag. 100 μl 
of protein extract was incubated with 30 μl of GST beads for 3 h on a rotary shaker, 
after which the beads were spinned down and washed 3 times with PBS buffer (10 
mM Na2HPO4, 1.8 mM KH2PO4, 2.7 mM KCl, 140 mM NaCl, pH=7.3). Test 
samples were taken during the protein expression and purification experiment, 
which were dissolved in 2x Laemmli buffer (65.8 mM Tris-HCl, pH=6.8, 2.1% SDS, 
26.3% (w/v) glycerol, 0.01% bromophenol blue) and loaded on 12% acrylamide 
gels for SDS PAGE, using the Mini-PROTEAN Tetra cell system (BIO-RAD). 
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Results 
Effect of MdCo31 in different plants 
The phenotypes of young ‘McIntosh’ and ‘Wijcik’ plants are shown next to 
each other in Fig. 2a. The difference in branching is not so obvious yet, because 
young apple trees show little lateral branching in general, but the typical columnar 
phenotype is visible through the observed dwarfing phenotype. The ‘Wijcik’ trees 
have shorter internodes than the ‘McIntosh’ trees and leaves of ‘Wijcik’ trees are 
thicker and darker than leaves from ‘McIntosh’ trees. 
A similar effect is observed in the Arabidopsis lines that constitutively 
express MdCo31 (Pro35S:MdCo31). The phenotypes of the homozygous lines 
were more pronounced than the phenotypes of the hemizygous lines that were 
shown in chapter 3 and a clear difference with wildtype (WT) Arabidopsis is already 
evident at the rosette stage. Three plants of a representative transgenic line are 
compared to WT Arabidopsis in Fig. 2b. The transgenic lines showed a dwarf 
phenotype and have darker leaves than the WT plants. The Pro35S:MdCo31 
plants are delayed in flowering and senescence (data not shown). 
Tomato (cv. ‘Moneymaker’) plants transformed with a similar construct for 
overexpression of MdCo31 also showed a compact phenotype and darker leaves, 
similar to the ‘Wijcik’ mutant and the transgenic Arabidopsis lines. Three 
independent transformants are displayed in Fig. 2c, which all contain the MdCo31 
gene (Fig. 2d), but that vary in their phenotype. All plants have a similar number of 
internodes (8-9 at the moment the picture displayed in Fig. 2c was taken), but the 
plants ranged in height from 12 cm (transgenic line #1) to 30 cm (WT). The 
difference in plant height was caused by a different internode length (Fig. 2e), 
similar to the columnar trees and transgenic Arabidopsis lines constitutively 
expressing MdCo31. The fact that overexpressing the MdCo31 gene from apple 
has a comparable effect in diverse species, suggests a conserved function of 
MdCo31. 
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Figure 2. Effect of MdCo31 expression on phenotypes of various plants. A. Young ‘McIntosh’ and 
‘Wijcik’ trees. ‘Wijcik’ trees are dwarfed, have short internodes and darker leaves. B. Three plants of WT 
Arabidopsis (Col-0) and 3 plants of Pro35S:MdCo31 Arabidopsis are shown. The transgenic lines look 
dwarfed and have darker leaves than the WT plants. C. A similar effect is seen when WT Moneymaker 
tomato (left) is compared to three independent tomato lines constitutively expressing MdCo31 (on the 
right). D. A PCR on genomic DNA of the plants shown in (C) shows that the transgenic lines contain the 
MdCo31 gene (top). The gene coding for Actin is used as a PCR control (bottom). E. The compact 
phenotype of the transgenic tomato lines expressing MdCo31 is explained by a difference in internode 
length. 
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Genes related to MdCo31 
If MdCo31 has such a conserved function, MdCo31 might be involved in a 
basal process, making it likely that well conserved homologs of this gene are 
present in other plant genomes. A BLAST search for the MdCo31 protein sequence 
in the Arabidopsis protein database (Rhee et al. 2003) or NCBI’s refseq protein 
database (Pruitt et al. 2005) showed good matches for predicted genes with 
unknown functions from the refseq database, but did not result in the identification 
of a well characterised homolog. All good matches to MdCo31 code for putative 
2OGDs. The typical iron binding triad (HDH) (Roach et al. 1995) and the 
NyYPXCXXP motif that is thought to be involved in the binding of 2-oxoglutarate by 
2OGDs (Xu et al. 1995) are conserved in MdCo31 (Fig. 3) 
. 
 
 
Figure 3. Amino acid sequence of MdCo31. The location of the motif that is specific for DMR6/DLO is 
highlighted. This motif is not fully conserved in MdCo31. The NyYPXCXXP motif, that is thought to be 
involved in the binding of 2-oxoglutarate, is indicated with ‘+’ and the iron binding triad (HDH) is 
indicated with asterisks. 
 
In an attempt to better understand the function of MdCo31, a phylogenetic 
analysis was carried out using the predicted amino acid sequences of MdCo31 and 
all 2OGD genes from Arabidopsis (90 genes according to the Plaza 2.5 predictions 
(Van Bel et al. 2012)) and tomato (169 genes, taken from the phytozome database 
(Goodstein et al. 2011)). 
The phylogenetic tree displayed in Fig. 4 shows clear clustering of tomato 
and Arabidopsis 2OGD genes in clades of well characterised genes such as FLS, 
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LDOX, ethylene forming enzymes and the different GA oxidases. In addition to 
these clades that contain genes from both tomato and Arabidopsis, clades are 
visible that contain genes from a single species only. The genes from these 
species-specific clades may have more specialised functions. The MdCo31 clade 
is an example of a clade that contains tomato genes only. It groups closely to 
another clade that includes genes from tomato together with downy mildew 
resistant 6 (DMR6) and the DMR6-like oxygenases (DLOs) from Arabidopsis that 
were described in the thesis of Zeilmaker (Zeilmaker 2012). DLO1 has later been 
characterised as a salicylic acid (SA) 3-hydroxylase (S3H) (Zhang et al. 2013). The 
DMR6/DLO motif (WRD(F/Y)LR), which is conserved in all members of the 
DMR6/DLO protein family and which can be used to identify homologous genes 
with the same function of DMR6/DLO (Zeilmaker 2012), is not conserved in 
MdCo31 (Fig. 3). 
When comparing the results of this phylogenetic analysis with the study 
that was published recently by Kawai et al. in the Plant Journal, a similar picture 
emerges. The names of clades that were described by Kawai et al. that contain 
functionally characterised genes are indicated in Fig. 4. MdCo31 falls in the 
DOXC41 clade from this classification, that contains hyoscyamine 6-hydroxylase 
(H6H) and other, functionally diverse, 2OGD genes that are involved in specialised 
metabolisms (Kawai et al. 2014). The closest related clade containing Arabidopsis 
genes that was described in this study is DOXC38 and contains DMR6 and the 
DLOs (Kawai et al. 2014). Solyc11g010400 and Solyc11g0104010, that cluster in 
the same clade as MdCo31 in Fig. 4, are the closest homologs of the H6H gene 
that was originally cloned from Hyoscyamus niger (Matsuda et al. 1991) in tomato.  
These phylogenetic analyses give some interesting insights in the 
organisation of 2OGDs in different species, but the function of MdCo31 remains 
unknown. It is possible that MdCo31 has a novel function that has not been 
characterised yet in other species. Although MdCo31 is not clearly clustering with 
the 2OGDs involved in biosynthesis of GAs or flavonoids, a role for MdCo31 in 
these pathways would be the easiest explanation for the phenotype of columnar 
trees derived from ‘Wijcik’.  
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Figure 4. Phylogenetic tree containing MdCo31 and all 2OGDs from Arabidopsis and tomato. The 
amino acid sequences were aligned using clustalW and the tree was constructed in MEGA using the 
Neighbor joining method. Bootstrap values are calculated bases on 1000 bootstraps. Tomato genes are 
marked with a filled circle and Arabidopsis genes are indicated by an empty circle. MdCo31 is marked 
with an arrow. The clades containing DMR6(-likes), ethylene forming enzymes, F3H, FLS, LDOX, GA2-
oxidases 1-6, GA2-oxidases 7-8, GA3-oxidases and GA20-oxidases are also indicated in the figure. 
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MdCo31 and flavonoid biosynthesis 
In order to compare the flavonoid content between columnar and standard 
trees, a profiling of phenolic compounds was carried out on spur buds of standard 
and columnar apple trees. The bud material was harvested in spring and analysed 
according to the method published by Vrhovsek et al. (2012). The levels of the 
phenolic compounds that could be detected are summarised in Fig. 5. There is 
some variation between the samples, as only three replicates were used per 
sample, but the rutin levels seem to be a lot higher in columnar trees. A similar 
analysis was performed on tissue from the complete rosettes of 5-week old WT 
Arabidopsis plants and Pro35S:MdCo31 Arabidopsis plants (Fig. 6). No rutin was 
detected in the Arabidopsis assay, but luteolin levels were significantly increased in 
the Pro35S:MdCo31 plants (P<0.01) instead. Additionally, elevated levels of 
vanillic acid were found in Pro35S:MdCo31 plants (P<0.01). 
 
 
Figure 5. Profiling of phenolic compounds in apple. A phenolic compound profiling experiment on 3 
bud samples of standard progeny trees (white bars) and 3 bud samples of columnar progeny trees from 
a segregating population revealed an increased level of rutin in columnar buds. Error bars indicate 
standard deviations of the mean. 
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As hypothesised before, if flavonoids are indeed responsible for the 
columnar phenotype of ‘Wijcik’, this would probably be through their effect on auxin 
transport. In order to see if rutin and luteolin can affect auxin transport, a 
gravitropism assay was performed on seedlings of WT Arabidopsis and 
Pro35S:MdCo31 Arabidopsis lines. Arabidopsis seedlings were grown in vitro, on 
media containing different concentrations of luteolin or rutin (the flavonoid 
compounds for which elevated levels were found in columnar trees and 
Arabidopsis plants constitutively expressing MdCo31) and on plates containing the 
auxin transport inhibitor NPA, or naringenin (a precursor for flavonoids that can 
inhibit auxin transport (Brown et al. 2001)). As auxin transport is necessary for a 
proper gravity response, the effect of these compounds on auxin transport was 
investigated through measuring the root angle after turning the assay plates 90 
degrees. Additionally, root length was measured. 
 
 
Figure 6. Profiling of phenolic compounds in Arabidopsis. The graph shows the result of a phenolic 
compound profiling experiment on 15 samples of Col-0 (white bars) and 15 samples of a transgenic 
Pro35S:MdCo31 line. The levels of vanillic acid and luteolin are significantly increased in the 
Arabidopsis plants constitutively expressing MdCo31 (Student’s t test, P<0.01, marked with asterisks). 
Error bars indicate standard deviations of the means. 
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Figure 7. Root length of Arabidopsis seedlings. WT and Pro35S:MdCo31 Arabidopsis seedlings are 
grown on 0.5x MS medium containing different concentrations of 1-N-Naphthylphthalamic acid (NPA), 
luteolin, rutin and naringenin. Root length is measured after 10 days. Higher combinations of NPA and 
naringenin in the growth medium negatively affect the root length, but luteolin and rutin do not seem to 
affect root length. Pro35S:MdCo31 plants have shorter roots than WT plants in most cases. Error bars 
indicate errors of the mean. 
 
Increased concentrations of NPA and naringenin negatively affected the root length 
of the Arabidopsis seedlings (Fig. 7), as would be expected when auxin transport is 
inhibited. The effect on the Pro35S:MdCo31 lines seems slightly larger. No effect of 
luteolin or rutin on root length is observed. A similar effect is observed for root 
angle (Fig. 8). The response to gravity is impaired in the seedlings that were grown 
on plates containing 1 μM NPA and 100 μM naringenin, but not in seedlings that 
were grown on media containing luteolin or rutin. The root length of 
Pro35S:MdCo31 lines is smaller than the root length of WT Arabidopsis in most 
cases, but there does not seem to be a clear difference in root angle between WT 
Arabidopsis and Arabidopsis plants constitutively expressing MdCo31.  
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Figure 8. Gravity response of Arabidopsis seedlings. Col-0 and Pro35S:MdCo31 Arabidopsis 
seedlings are grown on 0.5x MS medium containing different concentrations of 1-N-Naphthylphthalamic 
acid (NPA), luteolin, rutin and naringenin on square petri dishes that are placed vertically. After 10 days, 
the plates are turned 90 degrees. The gravity response of the roots (measured by the angle of the root 
to the original growth direction) is measured after 3 days. NPA, and to a lesser extent naringenin, 
diminish the gravity response of the Arabidopsis seedlings, but no clear difference between Col-0 and 
Pro35S:MdCo31 Arabidopsis plants is observed. Error bars indicate errors of the mean. 
 
MdCo31 and GA biosynthesis 
If MdCo31 is involved in GA biosynthesis, the most likely explanation for 
the columnar phenotype would be a shortage of active GAs. WT Arabidopsis plants 
and Pro35S:MdCo31 Arabidopsis plants were sprayed with a solution of 100 μM 
active GA twice per week throughout their development and compared to untreated 
plants.  
The experiment shows that GA treated plants are almost indistinguishable 
from untreated WT plants. The untreated Pro35S:MdCo31 still show a compact 
phenotype and look very different from WT (Fig. 9). These results suggest that 
there is a GA deficiency in the Pro35S:MdCo31 plants that can be solved by GA 
treatments. 
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Figure 9. GA treatment on Col-0 and Pro35S:MdCo31 plants. Col-0 (top) and Pro35S:MdCo31 
(bottom) plants are treated with 100 μM gibberellin solution (GA, left) or water (H2O, right). Untreated 
Pro35S:MdCo31 plants look dwarfed compared to untreated Col-0 plants. GA treatment seems to 
slightly accelerate flowering in WT-Arabidopsis, but restores the phenotype of the Pro35S:MdCo31 
plants to normal. 
Producing the MdCo31 protein 
Both the flavonoid profiling experiment and the GA treatment on 
Arabidopsis plants give some support to the hypothesis that GAs or flavonoids 
could be involved in the columnar phenotype of ‘Wijcik’ apple. More evidence is 
needed to establish the function of MdCo31.  
Availability of the MdCo31 protein would allow us to test the activity of the 
protein on different substrates and to identify the converted products. To achieve 
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this goal, MdCo31 was cloned in the pD15 vector, introducing an N-terminal GST 
tag to the protein. The construct was transformed to E. coli and a protein 
purification experiment was performed to see if the protein could be produced. The 
first results show that MdCo31 protein is produced upon IPTG induction and that it 
is possible to purify the protein using glutathione agarose beads (Fig. 10). We have 
not been able yet to confirm a function for MdCo31 in the biosynthesis of 
flavonoids, GAs, or other compounds, but these experiments are planned in the 
future. 
 
  
 
Figure 10. MdCo31 protein expression and purification in E. coli. The marker lane and the sizes of 
the bands are indicated on the left. In the first lane, the soluble (sol.) proteins from an uninduced (ui.) 
culture are loaded. The next lane shows the insoluble (ins.) protein fraction of an uninduced culture. 
Then, the soluble fraction of an induced (i.) culture is loaded, followed by the insoluble fraction of the 
same culture. Finally, the proteins resulting from the protein purification experiment using GST agarose 
beads are loaded (pur.). Upon induction with IPTG, a band appears around 60 kilodalton (kDa), 
matching the size of MdCo31 (38.4 kDa) fused to the GST-tag (26 kDa). The GST purification step 
results in an increased intensity of this band (indicated with an arrow), demonstrating that MdCo31 is 
correctly produced in E. coli. 
Discussion 
MdCo31 similarly affects the development of diverse plant species, 
suggesting a role for this gene in a conserved process. The phylogenetic analysis 
performed in this chapter contradicts this supposed conserved function of MdCo31, 
placing it in a clade that contains genes with supposed specialised functions. One 
of the genes clustering with MdCo31 is H6H, that acts in the biosynthesis pathway 
for tropane alkaloids in Solanaceae, via hydroxylation of hyoscyamine to produce 
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scopolamine (Matsuda et al. 1991). Hyoscyamine and scopolamine are tropane 
alkaloids specific for Solanaceae (Griffin and Lin 2000), making it unlikely that the 
MdCo31 gene from apple is involved in the biosynthesis pathway of such 
compounds. MdCo31 might have a similar origin as H6H, but must have adopted a 
different function in apple.  
The closest clade containing 2OGDs that are conserved between species 
includes DMR6 and DLO1/2 from Arabidopsis. DMR6 is responsible for 
susceptibility of Arabidopsis to downy mildew (van Damme et al. 2008), through a 
salicylic acid dependent mechanism (Zeilmaker 2012). DLO1 and DLO2 can 
complement the dmr6 Arabidopsis mutant. The substrate for DMR6 is unknown, 
but it was shown that DLO1, or called S3H in that study, is associated to 
senescence and involved in the catabolism of salicylic acid (Zhang et al. 2013). 
Functional homologs of DMR6 were identified in several crop species, including 
tomato, which can complement DMR6-mediated resistance in the Arabidopsis 
dmr6 mutants. (Zeilmaker 2012).  
The delayed senescence phenotype and the increased chlorophyll content 
in the Arabidopsis plants overexpressing S3H (Zhang et al. 2013) show some 
interesting similarity to the Arabidopsis plants overexpressing MdCo31. However, 
no effect of S3H on plant architecture was reported by Zhang et al. (2013) and van 
Damme et al. also state that plant development is not affected in dmr6 Arabidopsis 
mutants (van Damme et al. 2008). Zeilmaker proposed a 6-amino acid motif in his 
thesis, that shows high conservation among homologs of DMR6 and DLOs in other 
species and that could be used to identify genes with a similar function (Zeilmaker 
2012). This 6-amino acid motif is not well conserved in the predicted MdCo31 
protein. Together with the reported role of DMR6 in the loss of downy mildew 
resistance in Arabidopsis plants, these data suggest a different function for 
MdCo31. 
There are multiple possible explanations for the dark colour of 'Wijcik' and 
of the tomato and Arabidopsis plants constitutively expressing MdCo31. It is 
possible that the darker leaf colour is caused by an increased chlorophyll content, 
like was found for the Arabidopsis plants overexpressing S3H (Zhang et al. 2013). 
If decreased cell expansion is responsible for the compact phenotype of the plants 
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that constitutively express MdCo31, this might result in increased concentrations of 
chlorophyll in the cells. Alternatively, the levels of anthocyanins, that are produced 
as part of the flavonoid pathway (Cheng et al. 2014), could be elevated in tissues 
expressing MdCo31. Additionally, dark green foliage is commonly observed in 
gibberellin deficient plants (Sun and Kamiya 1994; Helliwell et al. 1998; Busov et 
al. 2003). Although dark foliage was observed in 'Wijcik' and columnar trees 
derived from 'Wijcik', we did not find elevated expression of MdCo31 in the leaves 
of these trees. 
No direct evidence for the function of MdCo31 was provided in this study, 
but we showed that the increased expression of MdCo31 is correlated to increased 
levels of specific flavonoids in apple and Arabidopsis. Higher levels of rutin were 
found in columnar trees than in standard trees, but rutin could not be detected in 
Arabidopsis. The levels of the flavone luteolin were about 4-fold increased in 
Pro35S:MdCo31 plants compared to WT. Rutin is produced from quercetin in the 
flavonol part of the flavonoid biosynthesis pathway, whereas luteolin is derived 
from apigenin in the flavone part of this pathway. Both branches depend on 
naringenin and eriodictyol at the start of the flavonoid biosynthesis pathway 
(Martens et al. 2010). The different genetic backgrounds in Arabidopsis and apple 
could be responsible for the fact that increased expression of MdCo31 leads to 
higher levels of rutin in apple, but higher levels of luteolin in Arabidopsis. 
In the introduction, we hypothesised that increased levels of flavonoids 
could result in a columnar phenotype through their inhibitory effect on auxin 
transport. The effect of the flavonoids rutin and luteolin on auxin transport was 
investigated in a gravitropism assay, using WT Arabidopsis seedlings and 
Arabidopsis seedlings that constitutively express MdCo31. No effect of these 
flavonoids on the gravity response of roots of these plants was demonstrated. Also, 
no difference between the gravity responses was observed when comparing WT 
Arabidopsis with Pro35S:MdCo31 plants, undermining the hypothesis that the 
effect of MdCo31 on plant development is explained through inhibition of auxin 
transport. 
Alternatively, the effect of MdCo31 could be explained through a role in the 
GA biosynthesis pathway. The increased expression of a GA2-oxidase is 
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responsible for the columnar-like phenotype of stumpy poplar (Busov et al. 2003) 
and plants with a reduced response to GA show compact phenotypes (Peng et al. 
1997; Peng et al. 1999; Boss and Thomas 2002). Deactivation of GAs is mainly 
mediated by GA2-oxidases. To test this hypothesis, WT Arabidopsis plants and 
Pro35S:MdCo31 Arabidopsis plants were treated with active GA. The results of this 
experiment strongly support the hypothesis that MdCo31 is involved in the 
deactivation of GA. Untreated Pro35S:MdCo31 plants showed a clear dwarf 
phenotype, but plants that were treated with active GA were almost 
indistinguishable from WT Arabidopsis. However, the conserved domains that are 
normally present in GA2-oxidases (or other GA oxidases) are not present in the 
amino acid sequence of MdCo31. If MdCo31 is indeed involved in GA biosynthesis, 
it has to belong to a previously uncharacterised class. 
The GA experiment is no direct proof for a role of MdCo31 in GA 
biosynthesis. It is possible that MdCo31 has a different function, but that GA 
deficiency is a downstream effect of the action of MdCo31. To prove that MdCo31 
is involved in GA catabolism, the enzyme that was produced in E. coli could be 
purified and tested on GA substrates, similar to the assay that was performed by 
Giacomelli et al. to characterise GA oxidases from grape (Giacomelli et al. 2013). 
Such an assay could also be used to test other potential substrates of MdCo31 (for 
example flavonoid compounds). 
Because the amino acid sequence of MdCo31 does not look like a typical 
GA oxidase, it is well possible that MdCo31 belongs to a different class of 
enzymes. To investigate alternative roles of MdCo31, it would be interesting to 
perform an untargeted metabolite profiling experiment on tissue from columnar and 
standard apple, or from the wildtype tomato or Arabidopsis plants and the 
Pro35S:MdCo31 transformants. Additionally, an RNA-seq or microarray experiment 
could be carried out, to look at transcriptomic changes that are due to MdCo31 
expression, to get more clues about the function of the gene. 
A number of RNA-seq experiments have already been carried out by 
others in order to try to understand the cause for columnar growth in apple (Krost 
et al. 2012; Zhang et al. 2012; Krost et al. 2013), but these experiments were 
always based on the comparison between standard trees and columnar trees 
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derived from ‘Wijcik’ and not on the direct comparison between 'Wijcik' and 
'McIntosh'. These studies have not resulted in the identification of the cause for 
columnar growth, but showed that several hormones are likely involved in the 
phenotype of columnar trees. It is not surprising to find differences for multiple 
hormones. Because hormones are part of complex and interconnected pathways, 
changes in the level of a certain hormone will likely affect the level of other 
hormones as well. 
To identify transcriptomic changes that are solely due to the mutation in 
‘Wijcik’, and not due to other genetic differences, and to identify subsequent 
downstream effects, it would be better to perform a direct comparison between 
‘McIntosh’ and ‘Wijcik’. A transcriptome study would probably be easier to perform 
in Arabidopsis because of its small and well annotated genome. The Arabidopsis 
plants could be grown in vitro to reduce environmental variation. The analysis of 
Arabidopsis lines transformed with an alcohol inducible construct for expression of 
MdCo31 is currently in progress. By using an inducible promoter, the expression of 
MdCo31 can be induced shortly before taking samples for the analysis in order to 
look at direct transcriptomic changes of MdCo31 expression and to reduce 
secondary effects. Further proof for the role of hormones or mobile signals 
identified in these studies could be provided by performing grafting experiments 
(Turnbull et al. 2002) or complementation studies in Arabidopsis. 
Besides being responsible for columnar growth in columnar trees derived 
from 'Wijcik', MdCo31 should have a biological function in standard apple trees as 
well. We were unable to find expression of MdCo31 in diverse apple tissues at 
different time points, so the normal function of MdCo31 remains unknown. It would 
be interesting to silence the MdCo31 gene in normal apple trees to see if the 
phenotype of those trees can help understand the function of MdCo31. 
Combining these different approaches it should be possible to unravel the 
mechanism that leads to columnar growth in apple. 
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Columnar growth in apple 
The columnar trait, which was discovered in a mutant of the apple cv. 
‘McIntosh’ called ‘Wijcik’, has many properties that make it an interesting study 
topic. When the 'Wijcik' mutant was first discovered in 1964, initial studies 
discussed the use for columnar trees in commercial growing systems and aimed to 
characterise the ‘Wijcik’ mutant (Fisher 1969; Looney and Lane 1984; Tobutt 
1985). These studies recognised the very sturdy and compact growth of ‘Wijcik’ 
and observed that spurs (that bear fruits) are often formed instead of branches.  
The 'Wijcik' mutant was regarded to be a promising genotype for improving the 
efficiency and yield of apple orchards in high density planting systems (Tobutt 
1985). 
Later studies analysed progeny populations, derived from ‘Wijcik’, for the 
development of molecular markers and to study the heritability of the columnar trait 
(Hemmat et al. 1997; Kim et al. 2003; Tian et al. 2005; Silfverberg-Dilworth et al. 
2006; Zhu et al. 2007; Moriya et al. 2009). These studies showed that columnar 
growth is caused by a single, dominant locus that is mapping on chromosome 10 of 
apple. The columnar trait is a stable trait, as no revertants of columnar trees have 
been identified until today. It seems likely that the 'Wijcik' mutation is genetic 
mutation rather than an epigenetic mutation.  
All these properties make the Co trait a remarkable trait, with a high 
potential in apple breeding programs. The molecular markers that are available for 
the Co locus could be used to specifically target the columnar trait, while helping to 
avoid the introduction of undesirable alleles when breeding for columnar trees. 
Despite their potential benefits, no commercial columnar apple trees have been 
developed yet. Therefore, it still remains to be seen if columnar trees can meet up 
with the high expectations on the scale of a commercial apple orchard. 
Columnar growth is not only interesting from a commercial point of view, it 
is also surprising to see such a dramatic effect from a somatic mutation. Most 
mutations lead to a loss of gene function and result in recessive inheritance. The 
dominant character of the columnar trait suggests a gain-of-function mutation in 
'Wijcik'. Such gain of function mutations are often caused by increased expression 
of a gene, like was found for the MYB10 gene, that was due to a rearrangement in 
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its upstream regulatory region and that resulted in red-fleshed apple (Espley et al. 
2009). In 'Wijcik', we expected to find a similar mutation in a regulatory region that 
would lead to increased expression of the gene responsible for columnar growth in 
apple. 
Fine mapping Co 
The ‘Golden Delicious’ genome, which was published in 2010 (Velasco et 
al. 2010), has been a great resource to speed up the search for the molecular 
basis for columnar growth. The results that are presented in this study highlight the 
relevance of genome sequencing projects in studies of agronomically important 
traits in non-model species. Because the development of molecular markers was 
greatly facilitated after the 'Golden Delicious' genome became available, it became 
possible to saturate the Co region with markers and to screen large apple 
populations segregating for the columnar trait, in order to reduce the Co region. 
This resulted in three fine mapping studies, which were published shortly after each 
other (Bai et al. 2012; Moriya et al. 2012; Baldi et al. 2013).  
 
 
Figure 1. Overview of the different regions in the fine mapping studies published by Baldi et al. 
(2013), Moriya et al. (2013) and Bai et al. (2012). A region of 700 kb (from 18500 - 19200 kb) of 
chromosome 10 from ‘Golden Delicious’ is shown at the top of the figure, together with the positions of 
the markers that delimit the different Co regions in these studies. The corresponding Co regions are 
displayed below. The location of marker C7629-22009 (italics) is an estimation, because this marker 
was found in an unanchored contig of the ‘Golden Delicious’ genome assembly. 
 
The three different fine mapping studies point to a narrow location for the 
Co region on chromosome 10, but the different regions are not exactly coinciding. 
The region that was described by Baldi et al. (2013) overlaps with the majority of 
the region that was described by Moriya et al. (2012), but the region that is 
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described by Bai et al. (2012) lies just outside that region. The results of these 
different studies are compared in Fig. 1. 
Bai et al. (2012) used four segregating populations and three collections of 
columnar trees for their analysis. These columnar collections include trees with 
diverse genetic backgrounds that are not directly descendant from ‘Wijcik’, but 
have inherited the columnar trait from ‘Wijcik’ in crosses performed up to two 
generations earlier. The trees that were analysed vary in age and are located at 
different geographical locations in the US, UK and China. Many different 
populations were used in the study that was published by Moriya et al. (2012). 
All the trees used in our analysis had a clear genetic background, as they 
were all direct descendants of ‘Wijcik’. We made use of three older populations for 
initial mapping and two large progeny populations for the fine mapping experiment. 
Especially young plants can be difficult to phenotype (plants with intermediate 
phenotypes are common in young populations), but the phenotypes of the older 
progeny trees are very reliable. We tested the markers that were used by Bai et al 
in their study on the older segregating populations that were developed by us (that 
had very clear phenotypes) and found three different recombinants that support our 
previous findings and that contradict the findings of Bai et al. We conclude that the 
results published by us and Moriya et al. are the most reliable, a view that is shared 
by Otto et al. in their publication studying the difference between ‘McIntosh’ and 
‘Wijcik’ (Otto et al. 2013). 
Candidate Co genes 
In chapter 2 of this thesis, we described a number of potential candidate 
genes for Co, which all code for transcription factors with putative roles in plant 
development. Other candidate genes have been proposed in the fine mapping 
study performed by Bai et al. and in the studies where the transcriptomes of 
columnar and standard apple were compared (Krost et al. 2012; Zhang et al. 2012; 
Krost et al. 2013). Zhang et al. highlighted the potential role for GRAS (the name is 
derived from the GAI, RGA and SCR gene members) transcription factors, which 
are involved in the response to gibberellic acid (GA), in columnar growth, whereas 
Krost et al. identified many differentially expressed genes, including several genes 
with roles in hormonal pathways. MdCo31 was never marked as a candidate gene 
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in these studies. An explanation for this is the fact that MdCo31 was not annotated 
in the consensus gene set of apple. Studies that only took these gene annotations 
in consideration (Bai et al. 2012; Krost et al. 2013) could therefore not have 
resulted in the identification of MdCo31. MdCo31 was absent in the GenScan gene 
predictions presented in chapter 2 and annotated as a hyoscyamine 6-
dioxygenase-like gene in the predictions from the Augustus gene prediction 
program in that chapter. 
Identification of differences between ‘McIntosh’ and ‘Wijcik’ 
Although the fine mapping studies have not resulted in the identification of 
the Co gene, they have been a great step forward in identifying the cause for 
columnar growth in apple. In order to identify the mutation that led to columnar 
growth of ‘Wijcik’, the most straightforward way is to make a direct comparison 
between ‘McIntosh’ and ‘Wijcik’. Because the Co region was sufficiently narrowed 
down during the fine mapping studies, it became possible to make such a 
comparison. The markers that were developed in these studies are not only useful 
for application in MAS, they could also be used to screen BAC libraries prepared 
from genomic DNA of ‘McIntosh’ and ‘Wijcik’, to isolate and sequence the Co 
region of ‘McIntosh’ and ‘Wijcik’ and perform a direct sequence comparison. This 
sequence comparison was described in chapter 3 of this thesis. 
The direct comparison of the Co region between ‘McIntosh’ and ‘Wijcik’ 
resulted in the identification of a single genomic difference, an insertion of 1956 bp 
in ‘Wijcik’. Because the identification of this insertion does not directly explain the 
change in tree architecture of the ‘Wijcik’ mutant, the expression of genes predicted 
in a region of 50 kb around the insert site was compared between ‘McIntosh’ and 
‘Wijcik’ in leaf and bud tissue. This expression analysis resulted in the identification 
of a putative 2-oxoglutarate-dependent dioxygenase (2OGD), MdCo31, whose 
expression is specifically up regulated in bud tissue of all columnar trees tested 
and not in buds of standard trees. The insertion of 'Wijcik' may be the direct cause 
for columnar growth in apple through increased expression of MdCo31, as 
presence of the insertion was found to be associated with increased expression of 
MdCo31 and columnar growth in all progeny trees derived from 'Wijcik' that were 
tested. The observed increased expression of MdCo31 supports our earlier 
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hypothesis that increased expression of a gene is the cause for the dominant 
inheritance of the columnar trait. 
The ‘Wijcik’ insertion was initially described as a 1956 bp sequence in this 
thesis, which lacks the elements that are common for mobile elements. We 
compared our findings with the results that were reported later by Otto et al. (2013) 
and concluded that the ‘Wijcik’ insertion was assembled incorrectly by Wolters et 
al. (2013). The 1956 bp sequence corresponds to the long terminal repeat (LTR) 
and target site duplication (TSD) of a bigger retrotransposon with a complete length 
of 8.2 kb. The big length of the LTRs of this retrotransposon made it possible for 
the assembly to collapse on this LTR, explaining why the internal part of the 
retrotransposon was missing in the assembly and was also responsible for the 
PCR artefact that led to amplification of the LTR only. This explains why the size of 
the insertion was initially misinterpreted. 
More detailed analysis of the ‘Wijcik’ mutation 
Analysis of the ‘Wijcik’ insert region revealed that the ‘Wijcik’ 
retrotransposon inserted into the 5’ LTR of another retrotransposon. Both elements 
look like non-autonomous versions of LTR retrotransposons because they contain 
the typical components that characterise such elements (primer binding site, 
polypurine tract, LTRs and TSD (Wicker et al. 2007)), but they do not contain 
functional ORFs. Transposable elements (TEs) are commonly present in plant 
genomes, and TE movement has led to many changes in plant gene expression 
and function (Lisch 2013), but such effects are often caused by TEs that insert 
close to, or even into, genes (Greene et al. 1994; Naito et al. 2009).  
Although nested TEs are not uncommon (Kronmiller and Wise 2008), it is 
surprising to find that the insertion of a TE into another TE can lead to such 
dramatic effects as observed in the 'Wijcik' mutant. This observation shows once 
more that the classification of TEs as ‘junk’ DNA is highly out-dated. 
Many similar copies of both retrotransposons are present in the ‘Golden 
Delicious’ genome, but we were unable to identify their autonomous partners, so it 
is still unclear how they are moving around in the apple genome. To be able to 
properly characterise the elements and to propose a correct name, it would be 
necessary to find out from which autonomous elements they are derived. Because 
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the autonomous partners were not found in the apple genome and as the ‘Wijcik’-
like retrotransposons were also often misassembled, a PCR based approach could 
be useful to identify these elements. Using one primer designed on the LTR and 
another primer designed on the conserved sequences of ORFs that would be 
expected to be present in autonomous partners, it might be possible to amplify and 
sequence the autonomous retrotransposons from which the ‘Wijcik’ and ‘McIntosh’ 
retrotransposons are derived. 
It is not clear if the effect of the insertion on the expression of MdCo31 is 
directly caused by the ‘Wijcik’ retrotransposon or a consequence of the disruption 
of the retrotransposon that was already present in the Co region in ‘McIntosh’. 
Reporter assays, where different parts of the two retrotransposons are cloned in 
front of a reporter construct, could help to clarify the contribution of the two 
elements to the columnar phenotype of ‘Wijcik’. This is highly relevant, as we were 
unable to find examples in literature of how a TE insertion into another TE can lead 
to such dramatic effects as observed in 'Wijcik'. 
Because it can be difficult to work with long DNA fragments (the complete 
disrupted retrotransposon from ‘Wijcik’ is more than 10 kb in length), it could be 
convenient to employ a recombination system (Yu et al. 2000). BAC plasmids 
containing more than 100 kb of Co region, including the ‘Wijcik’ retrotransposon 
and MdCo31, are already available. Different modifications could be made to the 
insert site and MdCo31 could be replaced with a reporter gene. BAC clones can be 
converted to binary vectors for transient expression assays (Takken et al. 2004). 
Modifying BAC clones with large inserts of Co region would be especially useful 
because it is not known if a larger genomic context around the insert site is 
required for the effect of the ‘Wijcik’ insertion. Such BAC clones could also be used 
for transformation experiments, to introduce the columnar trait to other apple 
cultivars or to study the apple Co region in a model species. It is important to 
realise that DNA methylation is lost in BAC clones, though, in case epigenetic 
effects play a role in columnar growth in apple. 
Relationship between the ‘Wijcik’ insertion and MdCo31 expression 
We did not expect to find that the mutation that was identified in 'Wijcik' 
would influence the expression of a gene at a distance of more than 15 kb, while 
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leaving the expression of neighbouring gene unaffected. However, examples of 
enhancers that can affect the expression of genes at much greater distances can 
be found in literature. An example of such a distal enhancer is found in mouse for 
the sonic hedgehog gene, at a distance of more than 1 Mb (Lettice et al. 2003). 
Until the ENCODE project, not much attention was given to such long-range 
interactions, but the importance of long-range interaction and the three-
dimensional context of genes and regulatory elements starts to be appreciated now 
(Sanyal et al. 2012). 
It is possible that the change in expression of MdCo31, from repression in 
buds of standard trees to increased expression of MdCo31 in buds of columnar 
trees, is due to the change in genomic context of MdCo31, which could be caused 
by the retrotransposon insertion in ‘Wijcik’. For example if the expression of 
MdCo31 is normally repressed in standard trees. In such a scenario, integration of 
the MdCo31 gene at a different genomic location could lead to a similar change in 
expression of MdCo31 as is observed in 'Wijcik' and would possibly also result in 
columnar growth. This situation would be ideal for cisgenesis, because the native 
promoter of MdCo31 can be maintained in this approach.  
Alternatively, modern genome editing techniques, for example using 
engineered zinc finger nucleases or the CRISPR system (Urnov et al. 2010; 
Pennisi 2013), could be used to reproduce the effect of the ‘Wijcik’ retrotransposon 
in apple trees to obtain columnar trees. Such experiments could also be used to 
clarify the relation between the retrotransposon insertion in ‘Wijcik’ and the 
increased expression of MdCo31. 
It would be of interest to compare the retrotransposon content of different 
apple cultivars, to see if differences can be found for the two elements that were 
identified in this thesis. This would not only give information about the evolution 
and the history of these elements, but these results could also be used to look at 
the effect of both elements on the expression of neighbouring genes. By comparing 
the expression of genes in a region surrounding the retrotransposons, the 
presence/absence of such elements can be correlated to the expression of these 
genes to assess their effect on gene expression. 
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To gain further insights into the organisation of the region surrounding the 
‘Wijcik’ mutation, we proposed to investigate the chromosomal conformation of the 
Co region in apple using 3C (-derived) assays. In a preliminary analysis, using the 
EcoRI restriction enzyme to digest cross-linked genomic DNA of buds of columnar 
and standard trees, the ligation frequency of putative interaction sites in the Co 
region was tested (see Fig. 2 for the steps for template preparation), but further 
optimisation is required to obtain results for this experiment. 
 
 
 
Figure 2. Steps required for 3C template preparation. Undigested (u.), cross-linked genomic DNA 
isolated from buds of standard and columnar trees is visible on the gel as a distinct band of high 
molecular weight on an agarose gel. Digestion of this DNA with the EcoRI restriction enzyme results in 
many small DNA fragment, as is clear from the DNA smear in the digested (d.) lane. After religation of 
these restriction fragments, a clear band is visible again (l., religated restriction fragments). 
 
Although we would expect to find an interaction between the insertion site 
and MdCo31, it would also be interesting to see if other locations in the Co region 
show an interaction with MdCo31. In addition, the effect of the ‘Wijcik’ 
retrotransposon insertion on the expression of MdCo31 could also be due to 
epigenetic changes in the Co region that are induced by the retrotransposon 
insertion. Information about chromatin methylation of the Co region could be 
investigated through chromatin precipitation experiments and DNA methylation 
could be investigated by performing digestions on genomic DNA of ‘Wijcik’ and 
‘McIntosh’ using methylation sensitive/insensitive restriction enzymes followed by 
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PCR analyses using primers flanking the corresponding restriction sites (Wong 
2006). 
Conserved function of MdCo31? 
The function of MdCo31 needs further investigation. Transformation 
experiments that resulted in constitutive expression of MdCo31 in tomato and 
Arabidopsis support the role of MdCo31 in plant development, but the underlying 
mechanism is still unknown. The comparable effect of MdCo31 that was observed 
in Arabidopsis, tomato and apple (short internodes and dark foliage), suggests a 
role for MdCo31 in a conserved process, but the phylogenetic analysis that was 
carried out in chapter 5 suggests that MdCo31 has a more specialised function. 
When interpreting the phenotypes of the Arabidopsis and tomato plants 
constitutively expressing MdCo31, it is important to keep in mind that they are 
different from apple. Dwarfing is a commonly observed phenotype in mutant 
screens, so it might not be such a specific phenotype.  No structures homologous 
to apple spurs are present in Arabidopsis and tomato, making it impossible to 
assess the effect of MdCo31 overexpression on the development of spurs in these 
species. Also, the constitutive expression of MdCo31 in Arabidopsis and tomato 
differs from the bud specific expression that is observed for that gene in columnar 
apple. It would be interesting to see what the developmental effects are of 
transforming tomato and Arabidopsis with a construct containing MdCo31 under 
control of its native promoter. 
No Arabidopsis genes are present in the clade containing MdCo31 and the 
closest Arabidopsis genes are involved in susceptibility to downy mildew and 
salicylic acid catabolism (van Damme et al. 2008; Zhang et al. 2013). The MdCo31 
clade from the phylogenetic tree displayed in Chapter 5 contains several tomato 
genes. It would be interesting to silence these genes in tomato, to see what the 
developmental effects are and to investigate if there is a homolog of MdCo31 in 
tomato. 
The classification of MdCo31 as a 2OGD suggests that MdCo31 has a role 
in a metabolic pathway. The 2OGD gene family is large and contains well 
characterised genes with conserved functions as well as specialised members of 
which the function is often unknown (Kawai et al. 2014). Of the different processes 
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in which 2OGDs are involved, the pathways leading to the biosynthesis of GAs and 
flavonoids appear the most interesting concerning the function of MdCo31. Both 
possibilities are explored in chapter 5 and discussed below. 
Potential role of MdCo31 in flavonoid biosynthesis 
Flavonoids can negatively regulate auxin transport (Brown et al. 2001; 
Peer and Murphy 2007) and the short internodes that were found in apple trees 
after silencing the chalcone synthase genes  were explained by the inhibitory effect 
of flavonoids on auxin transport (Dare et al. 2013), providing a link between 
flavonoid content and plant architecture.  
In order to investigate the effect of MdCo31 expression on flavonoid 
content, a phenolic profiling experiment was carried out on Arabidopsis plants and 
on columnar and standard apple. This analysis showed higher levels of the 
flavonoids luteolin and rutin in plants with increased expression of MdCo31. 
However, we were unable to find an inhibitory effect of luteolin and rutin on auxin 
transport in Arabidopsis seedlings using a gravitropism assay. Moreover, no 
difference in gravity response was observed when WT Arabidopsis was compared 
to Arabidopsis plants that constitutively express MdCo31, undermining the 
hypothesis that auxin transport is affected in plants with increased levels of 
MdCo31 transcription. 
Potential role of MdCo31 in GA biosynthesis 
Plants with decreased active GA content or decreased GA sensitivity show 
dwarf- or columnar-like phenotypes (Peng et al. 1999; Busov et al. 2003; Zhu et al. 
2008), suggesting a possible role for GAs in columnar growth. To see if application 
of GAs can reduce the effects of MdCo31 expression in Arabidopsis, we sprayed 
Arabidopsis plants that constitutively express MdCo31 with a GA solution. This GA 
treatment resulted in plants that were almost indistinguishable from WT plants, 
whereas untreated plants showed a clear compact phenotype. This effect suggests 
that plants that express MdCo31 are indeed deficient in GA. 
Columnar trees could similarly be treated with GA, to see if long branches 
are formed instead of the short spurs that are normally produced by such trees. 
The trees would probably needed to be treated for an extended time, as apple 
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trees develop a lot slower than Arabidopsis plants. The developmental fate of 
apple buds might be decided already during their formation, so it is not clear if long 
shoots can still be formed from axillary buds that are already present on the tree. 
The effect of the GA treatment on the development of the Arabidopsis 
plants constitutively expressing MdCo31 looks convincing, but it is not a proof that 
MdCo31 is involved in GA catabolism. It would be useful to measure GAs in 
Arabidopsis and apple, but both the different levels of flavonoids that were found in 
plants with increased levels of MdCo31 expression and the apparent GA deficiency 
in Arabidopsis plants expressing MdCo31 can be downstream effects of another 
unknown mechanism that is affected by MdCo31.  
Further experiments 
Apart from being responsible for columnar growth in apple, MdCo31 must 
be involved in a biological process in standard trees as well. However, no 
expression of MdCo31 was detected during different conditions in different kinds of 
tissue collected from standard trees, failing to give us a clue about the function of 
MdCo31 in normal plants. It would be interesting to see if silencing of MdCo31 has 
an effect on the development of normal apple trees. Such an experiment would 
give information about the biological role of MdCo31 in normal apple trees. 
Silencing MdCo31 in ‘Wijcik’ trees should result in loss of columnar growth and 
would be a good test to prove that MdCo31 is indeed the Co gene.  
It would be interesting to perform a more extensive analysis to see if there 
are other changes in plants expressing MdCo31 besides flavonoid levels and the 
observed effect of GA application. For example by performing a metabolite profiling 
targeting plant hormones, or by performing an untargeted metabolite profiling 
experiment. Combined with a transcriptome analysis, such an approach would give 
a better understanding of all the changes in the plant due to MdCo31 expression 
and might provide information about the role of MdCo31 even if the gene codes for 
a protein with a novel function. 
Ideally, a direct comparison between ‘McIntosh’ and ‘Wijcik’ should be 
made, instead of comparing genetically diverse columnar and standard trees as 
was done in the transcriptome studies that were published previously (Krost et al. 
2012; Zhang et al. 2012; Krost et al. 2013). Alternatively, the function of MdCo31 
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could be studied in a transcriptome study using Arabidopsis. The analysis of 
transcriptome data in Arabidopsis would be easier due to its small and well-
annotated genome 
Grafting experiments should give information about the type of hormones 
that are involved in columnar growth, as the production site and direction of 
transport is different for different hormones. Grafting is easy in apple, but it might 
take a while to obtain conclusive results because of its slow growth. Although a bit 
more challenging, such experiments could also be carried out in Arabidopsis 
(Turnbull et al. 2002). As 'Wijcik' was found on top of a 'McIntosh' tree, and as 
columnar trees derived from 'Wijcik' are often grafted onto rootstocks, we already 
know that grafting columnar trees onto standard trees does not affect the columnar 
trees. The effect on the lower part of the tree and the opposite graft (a standard 
tree on top of a columnar tree) is not yet investigated. 
If the results from grafting experiments would enable us to develop a model 
for explaining the effect of MdCo31 on plant architecture, this model could be 
further tested by crossing the Pro35S:MdCo31 line with Arabidopsis mutants for 
the appropriate genes, to see if MdCo31 can complement the mutation or to see if 
the MdCo31 effect is still present in the mutant background. Finally, MdCo31 can 
be produced and purified in E coli to test the activity of the MdCo31 protein on 
substrates of interest to provide additional proof for MdCo31 function. 
Conclusion 
A large number of trees directly descendant from ‘Wijcik’ and segregating 
for the dominant columnar trait were analysed in this thesis. New SSR markers 
were developed for the columnar trait and the Co region was sufficiently reduced to 
enable a direct sequence comparison between the Co region of ‘McIntosh’ and 
‘Wijcik’. With the use of two BAC libraries that were prepared from genomic DNA of 
both genotypes, a single difference was identified, an insertion in ‘Wijcik’. 
The discovery of the insertion in ‘Wijcik’ enabled us to develop a 
convenient presence/absence marker that is 100% linked to Co. Considering that it 
takes a few years before tree architecture can be reliably scored, such a marker 
will be very useful for selecting trees in an early stage when breeding columnar 
apple trees. 
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The 'Wijcik' insertion corresponds to an 8.2 kb retrotransposon in the 5´ 
LTR of another retrotransposon of 4.0 kb that was already present at that position 
in 'McIntosh' apple. This was a surprising observation, as we expected to find a 
mutation in, or close to, a gene. An expression analysis of all genes predicted in a 
region of 50 kb surrounding this insertion revealed the upregulation of a single 
gene, MdCo31, in bud tissue of columnar trees. Remarkably, the expression of 
other genes, closer to the insertion of 'Wijcik' than MdCo31, is not affected. 
Constitutive expression of MdCo31 in Arabidopsis and tomato results in 
compact plants that bear resemblance to the ‘Wijcik’ mutant, supporting the role of 
MdCo31 in the columnar phenotype of ‘Wijcik’. Identification of MdCo31 as a Co 
gene candidate opens possibilities for introducing the columnar trait to apple trees, 
or other plant species, without the need for performing crossing experiments, using 
gene technology. A transformation experiment with a construct for constitutive 
expression of MdCo31 is currently in progress for apple, but it is not yet possible to 
evaluate the effect of constitutive expression of MdCo31 on the development of 
apple. The bud-specific expression of MdCo31 that was observed in columnar 
trees might in fact be essential for the desired phenotype, so constitutive 
expression of MdCo31 could have other developmental effects in apple. If 
introduction of MdCo31 in a different context would result in a similar increase in 
expression as is observed in columnar trees, the columnar trait could be introduced 
to any apple cultivar using cisgenesis. Introducing the gene in other species, or 
constitutive expression of the gene in apple, would require a transgenic approach. 
The relationship between the retrotransposon insertion in ‘Wijcik’ and the 
increased expression of MdCo31 needs further investigation. The conformation of 
the chromatin could play a role, or the retrotransposon insertion may have an effect 
on the epigenetic marks of the Co locus. Considering the recent attention for the 
functional role of the non-coding part of the genome, this is an interesting topic for 
further research. We proposed a number of experiments to investigate this in more 
detail. 
MdCo31 codes for a putative 2OGD with a function that is currently 
unknown. The results presented in this thesis support a role for MdCo31 in GA or 
flavonoid biosynthesis, but it is also possible that MdCo31 is involved in a pathway 
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that has yet to be discovered. A transcriptome or metabolite comparison between 
standard plants and plants expressing MdCo31 would help identify the function of 
MdCo31. The Arabidopsis plants constitutively expressing MdCo31 could be a 
valuable resource for these analyses. 
All in all, a lot of progress has been made in our understanding of the 
cause for the mutant phenotype of 'Wijcik'. We identified a single genomic 
difference between 'McIntosh' and 'Wijcik' and isolated a strong candidate gene. To 
understand the full mechanism leading to columnar growth in apple, more research 
is still needed. 
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Trees in modern apple orchards are grafted onto growth controlling 
rootstocks. The trees are planted close to each other and pruned extensively in 
order to obtain high density apple orchards containing compact trees in which 
apple production is highly optimised. Apple cultivars that naturally show such 
compact growth are of interest, because those trees would need less maintenance 
from apple growers. 
In 1964, a compact shoot of the apple cultivar 'McIntosh' was discovered in 
an apple orchard in Canada, which was named after its discoverer Anthony Wijcik. 
This 'Wijcik' shoot was further propagated and showed a very interesting ‘columnar’ 
growth. 'Wijcik' trees have a thick stem, short internodes and they show very little 
branching. Instead of branches, short, fruit-bearing ‘spurs’ are formed, resulting in 
a sturdy, compact and fructuous tree. 
Because of its promising characteristics, 'Wijcik' trees, and columnar trees 
derived from ‘Wijcik’, have been subject to many studies since their discovery. 
When columnar trees are crossed with normal growing apple trees, half of the 
progeny is also columnar, meaning that columnar growth is a dominant trait. The 
columnar locus (Co) was mapped on chromosome 10.  
Due to the traits of the parental cultivar ‘McIntosh’, ‘Wijcik has undesirable 
traits, such as biannual bearing, low sugar content, soft fruit flesh and susceptibility 
to apple scab. When using conventional crossing to introduce the columnar trait 
into new apple cultivars, both these linked and unlinked negative properties will be 
transferred to the progeny as well. Molecular breeding techniques, such as marker 
assisted selection (MAS) and genetic engineering, could help to deal with this 
problem. 
Using molecular markers for the Co locus, the precision and efficiency of 
apple breeding programs aiming to breed columnar trees could be greatly 
improved. Using MAS, it would be easier to pick the right parents for performing 
crosses. Promising progeny plants could be selected at an early stage already, 
based on their genotype. This is especially useful in case of breeding columnar 
apple, because the reliable evaluation of tree architecture and fruit quality can take 
several years after sowing. 
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Identifying the mutation in 'Wijcik', or identifying the gene responsible for 
the phenotype of columnar trees, would enable the development of columnar apple 
varieties using genetic engineering. As columnar growth is a trait that is found in a 
mutant of apple, we expected that it would be possible to use cisgenesis. Using 
this technique, genes of interest can directly be transferred to the apple variety of 
choice. In this way, a specific dominant trait like columnar growth could be directly 
targeted, while avoiding the introduction of undesirable traits due to genetic drag. 
The goal of this thesis is to identify the mutation in 'Wijcik' and to isolate the 
gene responsible for the phenotype of columnar trees. These results will help the 
development of columnar apple varieties through MAS or through genetic 
engineering. Moreover, identifying the Co gene will improve our understanding of 
the physiological background of columnar growth.  
In chapter 2 of this thesis, we described the fine mapping of the Co region 
in apple. We used 5 progeny populations (in total more than 1500 individuals) 
segregating for the columnar trait, which are directly descendant from 'Wijcik', to 
reduce the Co region to 393 kb in the homologous region from 'Golden Delicious'. 
Several new SSR markers were developed in the Co region, including an SSR 
marker that co-segregates with Co in all individuals from our segregating 
populations. This marker could facilitate breeding of future columnar varieties and, 
in addition, the high density map for this trait is an essential condition for cloning of 
the Co gene. Although a number of interesting transcription factors is present in the 
homologous Co region in 'Golden Delicious', it was not yet possible to identify a 
single Co gene candidate. 
In chapter 3, the SSR markers that were described in chapter 2 were used 
to screen BAC libraries of 'McIntosh' and 'Wijcik'. BAC clones covering the Co 
region of 'McIntosh' and 'Wijcik' were sequenced and the resulting sequences were 
compared. A novel non-coding DNA element of 1956 bp was reported in this 
chapter, which was found to be inserted in an intergenic region of 'Wijcik'. This 
single genomic difference was used to develop a new presence/absence marker 
that is 100% linked to Co. Because the presence of the insertion in 'Wijcik' is no 
direct explanation for its columnar phenotype, the genes in a region of 50 kb 
surrounding the insertion were compared in leaf and bud material of 'McIntosh' and 
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'Wijcik'. This expression analysis revealed the upregulation of a single gene, 
MdCo31, in axillary buds of 'Wijcik'. MdCo31 codes for a putative 2OG-Fe(II) 
oxygenase and is located at 15.6 kb downstream of the insertion in 'Wijcik'. 
Surprisingly, the expression of other genes surrounding the 'Wijcik' insertion was 
found to be unaltered in 'Wijcik' trees. Transformation of Arabidopsis plants with a 
construct for constitutive expression of MdCo31 provided additional evidence for 
the role of MdCo31 in columnar growth of apple. 
In chapter 4, the 'Wijcik' mutation is characterised in further detail. Our 
findings were compared with a second study that was recently published by 
another group, who identified the insertion of a retrotransposon at the exact same 
location as was reported by us, but who stated that this retrotransposon measured 
8.2 kb in size instead of the 1956 bp mentioned in chapter 3. After a review of our 
previous analyses, we found that the sequence of the insertion that was identified 
by us is in fact the LTR of a bigger retrotransposon of 8.2 kb. Due to the long LTRs, 
our assembly collapsed on this LTR sequence and the PCR that should have 
amplified the full insertion produced a product for the LTR only, as a PCR artefact. 
We concluded that the mutation in 'Wijcik' is an 8.2 kb retrotransposon that inserted 
into the 5’ LTR of another retrotransposon that was already present in 'McIntosh', 
resulting in a nested transposon in 'Wijcik'. Many copies of similar transposons 
were found to be present throughout the 'Golden Delicious' genome, and nested 
transposons are not unusual, but it is striking to find such a dramatic phenotypic 
effect of the insertion of a retrotransposon into another retrotransposon. 
In chapter 5, we showed that MdCo31 has a comparable effect in diverse 
plant species, suggesting a conserved function for MdCo31. The phylogenetic 
analysis that was carried out in this chapter points to a more specialised function of 
MdCo31. Because flavonoids and gibberellins are both interesting compounds that 
could possibly be involved in the columnar phenotype of 'Wijcik', we investigated a 
potential role for MdCo31 in the biosynthesis pathways for these compounds. The 
levels of specific flavonoid compounds were found to be elevated in columnar trees 
and in Arabidopsis plants that constitutively express MdCo31, but we were unable 
to show an effect of these compounds on the development of Arabidopsis 
seedlings. Conversely, application of gibberellin on Arabidopsis plants that 
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constitutively expressed MdCo31 abolished the phenotypic effect from MdCo31, 
leading to plants that were almost indistinguishable from wildtype Arabidopsis. This 
suggests a role for gibberellins in explaining the effect of MdCo31 expression. 
In Chapter 6 of this thesis, we discuss the results presented in this thesis. 
The effect of the insertion of a transposon into another transposon on the 
expression of MdCo31 is intriguing and the function of MdCo31 is still unknown. 
We propose a number of experiments to address these questions. 
The results described in this thesis are a big step forward in the research of 
columnar growth in apple. We identified the mutation leading to columnar growth in 
'Wijcik' and we were able to develop a new molecular marker that is 100% linked to 
Co. A very likely Co gene candidate was also identified, which may be used to 
improve the architecture of apple trees and other plant species. The biochemical 
function of MdCo31 and the relation between the 'Wijcik' retrotransposon insertion 
and the expression of MdCo31 are both very interesting topics for further 
investigation 
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De appelbomen in moderne appelboomgaarden worden geënt op 
onderstammen die de groei van de ent onder controle houden. De bomen worden 
dicht op elkaar geplant en flink gesnoeid, zodat een boomgaard ontstaat met een 
hoge dichtheid aan appelbomen, waarin de productie van appels gemaximaliseerd 
is. Appelbomen die uit zichzelf zo’n compacte groeiwijze hebben zijn interessant, 
omdat dit soort bomen minder onderhoud nodig hebben dan normale appelbomen. 
In 1964 werd een compacte scheut van het appelras ‘McIntosh’ ontdekt, 
die naar de ontdekker Anthony Wijcik werd genoemd. Deze ‘Wijcik’ scheut werd 
verder vermeerderd en bleek een interessante ‘kolomachtige’ groeiwijze te hebben. 
‘Wijcik’ appelbomen hebben een dikke stam, een kleine afstand tussen de 
internodiën en ze vertakken heel weinig. In plaats van laterale takken worden korte 
uitlopers gevormd die vrucht dragen. Op deze wijze ontstaat een stevige, 
compacte, boom die veel vrucht draagt. 
Vanwege deze interessante eigenschappen was ‘Wijcik’ het onderwerp 
van vele studies sinds de mutant voor het eerst ontdekt werd. De groeiwijze van 
‘Wijcik’ vererft dominant, wat betekent dat de helft van de nakomelingen van een 
kruising tussen ‘Wijcik’ en een normale appelboom op dezelfde wijze groeit als 
‘Wijcik’. Onderzoek heeft verder aangetoond dat de oorzaak voor de groeiwijze van 
‘Wijcik’ op chromosoom 10 ligt, in het ‘columnar’ (Co) locus. 
Ongewenste eigenschappen van ‘McIntosh’, zoals onregelmatige 
vruchtzetting, laag suikergehalte, zacht vruchtvlees en vatbaarheid voor 
appelschurft, zijn ook terug te vinden in ‘Wijcik’. Wanneer ‘Wijcik’ gekruist wordt 
met andere appelrassen, dan worden, naast de groeiwijze, ook deze 
eigenschappen overgebracht naar de nakomelingen. Moleculaire 
veredelingstechnieken, zoals marker assisted selection (MAS) en genetische 
modificatie kunnen helpen om dit probleem te omzeilen. 
De precisie en efficiëntie van veredelingsprogramma’s om appelbomen 
met kolomgroei te ontwikkelen kan enorm verbeterd worden door gebruik te maken 
van moleculaire merkers. MAS kan gebruikt worden om de juiste ouders te kiezen 
voor de kruisingen. Bovendien kunnen nakomelingen van de kruising al in een 
vroeg stadium geselecteerd worden, op basis van hun genotype. Dit is erg nuttig, 
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aangezien het jaren kan duren voordat eigenschappen als vruchtkwaliteit en 
groeiwijze van de boom op een betrouwbare manier beoordeeld kunnen worden. 
De ontwikkeling van appelbomen met kolomgroei zou met behulp van 
genetische modificatie kunnen gebeuren wanneer de mutatie in ‘Wijcik’, of het gen 
dat verantwoordelijk is voor de speciale groeiwijze, geïdentificeerd zou zijn. 
Aangezien kolomgroei voorkomt in een mutant van appel, verwachtten we dat dit 
via cisgenese zou kunnen. Specifieke eigenschappen, zoals kolomgroei, kunnen 
met cisgenese doelgericht overgebracht worden, terwijl de overbrenging van 
ongewenste eigenschappen wordt vermeden. 
Het doel van dit promotieonderzoek is om de mutatie in ‘Wijcik’ op te 
sporen en om het gen dat verantwoordelijk is voor kolomgroei te identificeren. 
Deze resultaten zullen de ontwikkeling van appelbomen met kolomgroei 
vergemakkelijken. Daarnaast zal de identificatie van het Co gen ons begrip van het 
mechanisme dat tot kolomgroei in appel leidt verbeteren. 
Het fine mappen van het Co locus werd beschreven in hoofdstuk 2 van dit 
proefschrift. Door gebruik te maken van 5 nakomelingenpopulaties (in totaal meer 
dan 1500 individuen), die direct afstammen van ‘Wijcik’, konden we het genomisch 
gebied voor Co verkleinen tot 393 kb in de homologe regio van ‘Golden Delicious’. 
Nieuwe SSR merkers werden ontwikkeld in dit Co locus, waaronder één merker die 
altijd gekoppeld bleek aan kolomgroei in de individuen uit onze 
nakomelingenpopulaties. Deze merker zou goed gebruikt kunnen worden in 
veredelingsprogramma’s voor het ontwikkelen van appelbomen met kolomgroei en 
de genetische kaart die ontwikkeld werd in dit hoofdstuk is noodzakelijk als 
uitgangspositie voor het kloneren van he Co gen. Een aantal interessante 
transcriptiefactoren bleken aanwezig te zijn in het Co gebied van ‘Golden 
Delicious’, maar het was nog niet mogelijk om één enkel kandidaatgen aan te 
wijzen. 
De SSR merkers die in hoofdstuk 2 werden beschreven, zijn in hoofdstuk 
3 gebruikt om een BAC library van ‘McIntosh’ en een BAC library van ‘Wijcik’ te 
analyseren. BAC klonen die het Co gebied van ‘McIntosh’ en ‘Wijcik’ beslaan 
werden gesequenct en de sequenties werden vergeleken. Op deze manier werd 
een nieuw, niet-coderend, DNA element van 1956 bp beschreven, die geïnserteerd 
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bleek in een intergenisch gebied van ‘Wijcik’. Dit genomische verschil werd 
gebruikt om een nieuwe merker te ontwikkelen die 100% gekoppeld is aan het Co 
gen. Omdat de insertie geen directe verklaring is voor het fenotype van ‘Wijcik’, 
werd de expressie van alle genen in een gebied van 50 kb om de insertie 
vergeleken tussen ‘McIntosh’ en ‘Wijcik’, in knop- en bladmateriaal. Deze analyse 
leidde tot de identificatie van één enkel gen, MdCo31, waarvan de expressie 
specifiek verhoogd was in knoppen van ‘Wijcik’. MdCo31 codeert waarschijnlijk 
voor een 2OG-Fe(II) oxygenase en bevindt zich op een afstand van 15,6 kb van de 
insertie in ‘Wijcik’. De expressie van andere genen in de buurt van de insertie bleek 
verrassend genoeg onveranderd te zijn. Aanvullend bewijs voor de rol van 
MdCo31 in kolomgroei van appel kwam van een transformatie-experiment, waarbij 
MdCo31 uit appel tot expressie werd gebracht in Arabidopsis. 
De ‘Wijcik’ mutatie werd verder gekarakteriseerd in hoofdstuk 4. Onze 
eerdere bevindingen werden vergeleken met de resultaten van een onderzoek dat 
recent werd gepubliceerd door een andere onderzoeksgroep. Deze 
onderzoeksgroep vond een insertie op exact dezelfde plek als de locatie die door 
ons werd gerapporteerd, maar de insertie werd beschreven als een 
retrotransposon met een lengte van 8.2 kb, in plaats van de 1956 bp die 
beschreven werd in hoofdstuk 3. Na herziening van onze eerdere analyse, 
concludeerden we dat de insertie die door ons werd beschreven overeenkomt met 
de LTR van een groter retrotransposon van 8.2 kb. Door de grote lengte van de 
LTRs werd het middelste gedeelte van het retrotransposon gemist in de 
beschrijving van de insertie in ‘Wijcik’, en de PCR die het complete retrotransposon 
had moeten laten zien produceerde slechts de LTR als artefact. De insertie bleek 
dus inderdaad 8.2 kb in lengte te zijn en bleek bovendien geïnserteerd in de 5’ LTR 
van een tweede retrotransposon die al eerder aanwezig was in het genoom van 
‘McIntosh’. In het genoom van ‘Golden Delicious’ bleken veel kopieën van beide 
elementen aanwezig te zijn en het gebeurt wel vaker dat een retrotransposon in 
een ander transposon terecht komt, maar het is verrassend om hiervan zo’n groot 
effect op de ontwikkeling van een plant te vinden. 
In hoofdstuk 5 lieten we zien dat MdCo31 een verglijkbaar effect heeft op 
de ontwikkeling van verschillende plantensoorten, wat mogelijk op een basale rol 
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voor MdCo31 duidt. De fylogenetische boom die in dit hoofdstuk gepresenteerd 
werd lijkt echter op een meer gespecialiseerde functie voor MdCo31 te wijzen. In 
dit hoofdstuk gingen we verder in op een mogelijke rol voor MdCo31 in de 
productie van flavonoïden, of gibberellines. We vonden een verhoogd niveau van 
bepaalde flavonoïden in appelbomen met kolomgroei en in Arabidopsis planten 
waarbij MdCo31 tot overexpressie werd gebracht, maar we zagen geen effect van 
deze flavonoïden op de ontwikkeling van zaailingen van Arabidopsis. We zagen 
wel een effect van gibberelline op de ontwikkeling van deze Arabidopsis 
zaailingen. Het toedienen van gibberelline aan Arabidopsis planten waarin 
MdCo31 tot expressie wordt gebracht, zorgt ervoor dat het effect van MdCo31 
nagenoeg teniet gedaan werd. Mogelijk zijn gibberellines dus betrokken bij het 
effect van de expressie van MdCo31. 
De resultaten die beschreven worden in dit proefschrift worden verder 
bediscussieerd in hoofdstuk 6. Het effect van de insertie van een transposon in 
een ander transposon is interessant en de functie van MdCo31 is nog steeds niet 
opgehelderd. We stellen een aantal experimenten voor om deze zaken verder uit 
te zoeken. 
Het onderzoek dat beschreven is in dit proefschrift is een grote stap 
voorwaarts in het onderzoek naar kolomgroei in appel. We beschreven de mutatie 
die verantwoordelijk is voor kolomgroei in appel en konden een nieuwe merker 
ontwikkelen die 100% gekoppeld is aan het Co gen. We identificeerden een zeer 
aannemelijke kandidaat voor het Co gen, die gebruikt zou kunnen worden om de 
groeiwijze van appelbomen, en andere plantensoorten, te beïnvloeden. Het zou 
erg interessant zijn om de biochemische functie van MdCo31 en het verband 
tussen de insertie in ‘Wijcik’ en de expressie van MdCo31 verder uit te zoeken in 
de toekomst. 
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